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I  M  ABSTRACT 


Current  trend  In  turbo-gas  generator  control  svatems  is  toward  Rreatcr  use  of 
electronic  computer  techniques  in  the  control  computations.  With  the  increased 
use  of  electronics,  some  Rreatcr  degree  of  flexibility  in  computation  can  be  incor 
porated,  and  moro  signals  and  greater  complexity  of  control  modes  appear  possible 
with  less  weight  and  site  penalty  than  appears  feasible  with  the  more  convenient 
hydromechanical  control. 

Most  current  controls  rely  on  an  open-loop  schedule  of  fuel  to  avoid  compressor 
stall  during  acceleration  and  deceleration  of  the  to  tor  or  rotors.  This  program 
which  is  an  extension  ot  an  investigation  reported  by  Technical  Report  AFAPL- 
Tf> -71  -7g  |B  jirccted  toward  closed  loop  fuel  control  by  sensing  pressure 
relationships  at  the  engine  compressor  discharge.  The  control  signal  was  obtained 
by  a  special  fluidic  pressure  ratio  sensor  utilizing  the  burner  wall  static  pressure 
and  a  pressure  obtained  by  a  static  probe  In  the  last  stator  vane  row.  , 

The  technique  of  acceleration  and  deceleration  control  was  demonstrated  on  a  J85-7 
engine  at  APL.  The  control  Incorporates  sp<  cd  control  with  selection  of  engine 
speed  used  as  the  Input  request.  An  existing  hydromechanical  fuel  unit  with  a  torque 
motor  input  and  valve  position  feedback  was  used  to  control  fuel.  Compressor 
geometry  control  was  obtained  by  incorporating  an  cloctro-mngnctic  servo  valve 
In  the  hydraulic  linos  to  tho  actuators  and  by  Installing  a  position  sensing  potentio¬ 
meter,  The  IBM  1800  computer  Installed  in  the  Propulsion  laboratory  was  utilized 
to  compute  the  desired  valve  position  or  change  fn  valve  position  and  geometry 
position.  The  system  incorporates  signal  pickups  and  signal  conversion  devices. 

A  support  system  designed  and  constructed  Including  the  conversion  devices  hss 
s  sufficient  degree  of  flexibility  to  accomplish  meaningful  engine  cfemonstmtions. 
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FOREWORD 


This  document  is  the  final  report  of  a  four -month  program  starting  March  1972, 
to  determine  the  feasibility  and  the  general  applicability  of  fuel  flow  control  by 
sensing  the  airflow  conditions  at  the  discharge  of  the  engine  compressor.  The  work 
is  authorized  by  Air  Force  Contract  F-33615-72-C-1710  PR9398,  Project  3066. 

The  work  ta  monitored  by  the  Air  Force  Aero  Propulsion  Laboratory  of  the  Air 
Force  Systems  Command,  Wright-Patterson  Air  Force  Base,  Ohio,  and  directed 
by  Mr.  Richard  High  of  the  Turbine  Engine  Components  Branch.  The  program  is 
being  conducted  by  the  Propulsion  Controls  Engineering  Department  of  Energy 
Controls  Division  of  The  Bendix  Corporation,  South  Bend,  Indiana. 

The  engine  test  work  reported  in  this  document  was  performed  at  WPAFB  in 
cooperation  with  monitoring  project  engineers,  and  other  personnel  in  the  Aero 
Propulsion  Laboratory  at  that  facility. 

This  report  covers  work  started  in  March  1972  continuing  through  June  1972  and 
was  published  in  August  1972. 

Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the  report’s 
findings  or  conclusions.  It  is  published  only  for  the  exchange  and  stimulation  of  ideas. 
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ABSTRACT 

Current  trend  in  turbo -gas  generator  control  systems  is  toward  greater  use  of 
electronic  computer  techniques  in  the  control  computations.  With  the  increased 
use  of  electronics,  some  greater  degree  of  flexibility  in  computation  can  be  incor¬ 
porated,  and  more  signals  and  greater  complexity  of  control  modes  appear  possible 
with  less  weight  and  size  penalty  than  appears  feasible  with  the  more  conventional 
hydromechanical  control. 

Most  current  controls  rely  on  an  open-loop  schedule  of  fuel  to  avoid  compressor 
stall  during  acceleration  and  deceleration  of  the  rotor  or  rotors.  This  program 
which  is  an  extension  of  an  investigation  reported  by  Technical  Report  AFAPL- 
TR-71-78  is  directed  toward  closed  loop  fuel  control  by  sensing  pressure 
relationships  at  the  engine  compressor  discharge.  The  control  signal  was  obtained 
by  a  special  fluidic  pressure  ratio  sensor  utilizing  the  burner  wall  static  pressure 
and  a  pressure  obtained  by  a  static  probe  in  the  last  stator  vane  row. 

The  technique  of  acceleration  and  deceleration  control  was  demonstrated  on  a  J85-7 
engine  at  APL.  The  control  incorporates  speed  control  with  selection  of  engine 
speed  used  as  the  input  request.  An  existing  hydromechanical  fuel  unit  with  a  torque 
motor  input  and  valve  position  feedback  was  used  to  control  fuel.  Compressor 
geometry  control  was  obtained  by  incorporating  an  electro-magnetic  servo  valve 
in  the  hydraulic  lines  to  the  actuators  and  by  installing  a  position  sensing  potentio¬ 
meter  ins  IBM  1800  computer  installed  in  the  Propulsion  Laboratory  was  utilized 
to  couipul  the  dtsired  valve  position  or  change  in  valve  position  and  geometry 
position,  lhe  system  incorporates  signal  pickups  and  signal  conversion  devices. 

A  support  s’  em  designed  and  constructed  including  the  conversion  devices  has 
a  sufficient  degree  of  flexibility  to  accomplish  meaningful  engine  demonstrations. 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 

The  primary  goal  of  this  program  is  the  demonstration  of  an  engine  acceleration- 
deceleration  mode  utilizing  changes  in  compressor  discharge  variables  between 
steady  state  and  acceleration  conditions  and  between  steady  state  and  deceleration 
conditions.  Secondary  goals  include: 

•  Utilization  of  a  commercial  computer  as  a  control  development  tool. 

•  Utilization  of  a  rather  simple  fuel  control  unit  with  the  commercial 
computer. 

•  Effects  of  compressor  bleed  position  on  the  compressor  discharge 
airflow  parameter  into  engine  stall. 

The  effort  was  divided  between: 

•  Control  system  component  procurement  and  fabrication. 

•  Computer  programming. 

•  System  Evaluation  Tests. 

•  J85  engine  tests. 

Analyses  of  test  data  demonstrate  that  a  relationship  of  pressures  at  or  near  the 
compressor  discharge  changes  between  steady  state  and  transient  conditions,  and 
that  a  sense  of  the  change  can  be  used  for  fuel  control  during  acceleration  and 
deceleration  transients.  The  allowable  change  in  the  sensed  relationship  depends 
on  the  compressor  geometry  schedule. 

BACKGROUND 

Historically,  turbo-gas  generators  have  been  accelerated  by  some  schedule  of  fuel 
flow  based  on  variables  indicative  of  airflow  and  engine  operating  point.  The 
variables  used  have  evolved  over  the  years.  The  variable  selection  has  been  greatly 
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influenced  by  control  hardware  implementation.  With  the  greater  use  of  fluidic 
and  electronic  devices,  a  re-evaluation  of  variables  is  desirable. 

Engine  speed  and  some  form  of  air  density  were  used  in  early  day  control  aystems 
for  fuel  control  inputs.  Margins  between  steady -state  operation  and  stall  were 
rather  large,  and  simple  modes  of  control  were  feasible.  Current  engines  have 
small  margins  between  steady  state  and  stall  and  require  rather  complex  fuel 
control  modes.  To  achieve  accurate  control  it  appears  desirable  to  close  the  loop 
utilizing  some  parameter  indicative  of  compressor  operation. 

Pressure  relationship  of  the  corrected  airflow  at  the  discharge  of  die  compressor 
appears  to  be  a  usable  parameter.  The  engine  airflow  decreases  with  increased 
compressor  discharge  restriction  at  low  speed  and  the  compressor  discharge 
pressure  rises  with  small  change  in  airflow  at.  high  speed  operation.  Throughout 
the  speed  range,  from  idle  to  maximum,  there  exists  a  decrease  in  corrected 
airflow  at  the  compressor  discharge  during  engine  accelerations  and  an  increase 
in  the  corrected  airflow  during  decelerations. 

CORRECTED  AIRFLOW  PARAMETER 

The  corrected  airflow  parameter  at  the  compressor  discharge  had  been  computed 
from  compressor  data  during  the  previous  program.  The  variation  in  the  parameter 
has  been  found  to  be  a  function  of  pressure  ratio  of  the  compressor  and  the  air 
bleed  and/or  variable  stator  characteristics.  Low  pressure  ratio  compressors 
have  an  airflow  parameter  which  increases  with  speed.  All  compressors  when 
operating  at  low  pressure  ratios  have  this  characteristic.  Intermediate  pressure 
ratio  compressors  have  an  increasing  airflow  parameter  up  to  some  speed  and 
then  a  decreasing  characteristic.  If  these  compressors  are  equipped  with  bleeds 
or  variable  stators,  the  parameter  will  be  nearly  constant  in  the  normal  operating 
speed  range.  High  pressure  ratio  compressors  will  have  bleeds,  variable  stators 
and/or  two  rotors,  and  the  airflow  parameter  will  tend  toward  a  constant  value. 

The  J85  engine  exhibits  a  near  constant  value  of  die  airflow  parameter  at  die  stall 
line  of  die  compressor  map  and  a  constant  value  of  the  parameter  can  be  used  for 
control  mode  evaluation  test. 

CORRECTED  AIRFLOW  PARAMETER  SENSING 

The  corrected  airflow  is  a  combination  of  flow  rate,  the  temperature,  and  the 
pressure.  The  parameter  is  not  directly  sensed  but  is  inferred  by  sensing  other 
variables.  The  corrected  flow  per  unit  area,  which  might  be  expressed  as 
Wav/0/5  A  or  Wa/r7PA  with  the  units  in  any  compatible  system,  is  a  function  of 
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flow  Mach  number.  Mach  number  is  a  function  of  total  and  static  pressures  at  the 
point.  The  airflow  parameter  can  then  be  reduced  to  a  sense  of  pressures.  Ideally, 
the  pressures  sensed,  would  be  the  total  and  static  pressure  at  the  point  of  investi¬ 
gation.  Any  two  pressures  can  be  used  providing  a  correlation  between  the  flow  and 
the  pressure  can  be  established.  The  corrected  flow  based  on  total  temperature 
and  total  pressure  from  the  last  rotor  to  air  bleedoff  or  combustion  is  nearly 
constant.  Total  pressure  may  decrease  due  to  turbulence,  but  this  loss  is  small. 

Hie  static  pressure  varies  with  the  flow  area,  A  static  pressure  at  a  large  cross- 
section  area  is  directly  related  to  the  average  total  pressure  and  can  be  used  in 
combination  with  a  static  pressure  at  some  smaller  cross  section  to  indicate  flow. 

In  the  area  immediately  behind  the  last  stator  and  straightening  vanes  of  the  J85-7 
engine,  the  flow  Mach  number  may  be  as  low  as  0. 25  at  stall  and  as  much  as  0. 40 
at  steady  state.  This  variation  would  correspond  to  a  pressure  difference  between 
static  and  total  of  4. 5  to  11  percent  of  the  total  pressure.  Engine  data  have 
indicated  that  the  total  pressure  in  this  area  may  vary  along  a  radius  by  as  much 
as  four  percent.  Since  the  static  pressure  is  relatively  constant  radially,  the  flow 
must  vary  from  point  to  point.  This  variation  is  of  the  same  order  as  the  change  from 
steady  state  to  stall.  In  order  to  use  a  pressure  signal  that  has  a  change  of  only 
4. 5  percent,  an  extremely  accurate  sensor  is  required.  To  aid  in  obtaining 
suitable  signal  strength,  signal  amplification  by  both  probe  design  &d  sense  location 
in  the  compressor  discharge  was  investigated  during  the  previous  program. 

Engine  tests  were  run  during  that  program  to  establish  sensing  techniques,  relative 
values  of  variables  for  control  design,  and  to  determine  operation  of  the  sensing 
unit.  A  sensitive  signal  was  obtained  by  using  the  compressor  discharge  wall  static 
pressure  and  a  pressure  obtained  by  a  spherical  ended  probe  located  in  the  rear 
stator  vanes. 

The  sensor  unit  (&P/P  sensor)  was  developed  during  another  program  and  modified 
slightly  for  this  program.  The  change  in  output  of  the  sensor  from  steady  state  to 
acceleration  or  deceleration  conditions  is  sufficient  for  control  as  demonstrated  by 
the  engine  tests. 

COMPUTER  SIMULATION 

Computer  studies  during  the  previous  program  were  divided  into  two  general 
investigation  techniques.  First,  the  engine  and  control  were  represented  on  the 
Bendix  IBM  360-44  digital  computer  and  initial  control  requirements  were  established. 
Second,  the  engine  was  simulated  on  the  Bendix  Pace  Analog  computer  and  the  control 
was  programmed  for  the  digital  computer. 


The  computer  work  yielded  insight  into  system  requirements  and  necessary  opera¬ 
tional  characteristics  for  successful  engine  tests.  Nominal  gains  for  the  control 
loops  were  established.  Tolerable  computer  solution  time  was  investigated. 

A  third  engine  simulation  was  made  for  use  with  the  IBM  1800.  This  simulation 
and  adjustments  were  used  at  APL  to  test  the  computer  program  before  engine 
running.  A  new  checkout  computer  program  for  engine  simulation  was  established 
for  tiie  AFAPL  Pace  TR-48  analog  computer.  The  interface  package  was  designed 
to  allow  use  of  the  Pace  signals  through  the  interface  by  connecting  a  cable  to  the 
package.  Although  the  program  did  not  ideally  simulate  the  engine,  all  fuel 
control  loops  could  be  checked  for  operation  before  engine  running. 

CONTROL  SYSTEM  CONFIGURATION 


The  control  system  is  composed  of  an  electronic  package,  IBM  1800  computer, 
sensors,  fuel  valve,  and  compressor  bleed  and  guide  vane  control. 

Sensors  on  the  engine  are: 

•  Vo  compressor  discharge  pressure  transducers 

•  One  differential  pressure  transducer 

•  Pressure  ratio  sensor 

•  Magnetic  electrical  pulse  speed  signal 

•  Turbine  temperature  sensor  (not  part  of  program  but  provisions 
for  use  are  included  in  the  control) 

•  Bleed  position  transducer 
The  Meed  and  guide  vane  control  includes: 

•  Selection  valves 

•  Servovalve 

•  Actuators  and  linkages 


•  Position  potentiometer 


The  fuel  valve  element  includes: 

•  Metering  valve 

•  Power  lever  potentiometer  for  speed  selection  input 

•  Metering  valve  position  potentiometer 

•  Bypass  valve 

•  Torque  motor  for  valve  modulation 
The  electronic  package  includes: 

•  Schedule  trim  potentiometers 

•  Position  controls 

•  Sensor  circuits 

•  Power  supplies 

•  Speed  demodulator  circuits 

Computations  for  the  desired  fuel  valve  position  (fuel  flow)  and/or  toe  compressor 
bleed  position  are  accomplished  by  toe  IBM  1800  computer  program.  The  compu¬ 
tations  include  toe  following: 

•  Engine  start  cycle 

•  Engine  acceleration  cycle  on  toe  airflow  parameter  or  a  fuel  flow  schedule 

•  Engine  deceleration  on  toe  airflow  parameter  or  a  fuel  flow  schedule 

•  Speed  governing 

•  Burner  pressure  control 

•  Turbine  temperature  control 

•  Compressor  bleed  and  guide  vane  schedule 
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ENGINE  CONTROL  SYSTEM  TESTING 


Tests  of  the  system  were  successfully  accomplished  at  APL  on  the  J85-7  engine. 
Only  minor  problems  were  encountered  during  system  Installation,  checkout,  and 
engine  operation.  The  engine  was  successfully  accelerated  and  decelerated  by  use 
of  the  airflow  (pressure  ratio)  parameter.  The  parameter  was  used  to  control  the 
rate  of  change  in  fuel  request  and  also  to  proportionally  control  the  request.  The 
rate  control  was  most  successful  during  both  acceleration  and  deceleration  tests. 
The  engine  was  stalled  by  off  scheduling  the  compressor  bleeds  at  70  and  75  percent 
speed.  No  change  indicative  of  impending  stall  was  obtained  from  the  sensor  and 
the  sensor  output  indicated  a  more  safe  condition  after  the  stall.  The  results  of  tee 
demonstration  are  presented  in  Section  V. 
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SECTION  n 

SYSTEM  DESCRIPTION 

The  system  is  composed  of  engine,  sensors,  electronic  interface,  IBM  1800  computer, 
instrumentation,  plumbing,  cabling  and  checkout  equipment.  Figure  1  represents 
the  system  arrangement  in  block  form.  Engine  sensors  and  control  elements  are 
connected  to  the  interface  package  by  eighty  feet  of  cable.  The  interface  is  con¬ 
nected  to  the  computer  terminal  by  twenty  feet  of  cable  and  the  terminal  is  about 
100  feet  from  the  computer.  The  checkout  Pace  computer  is  connected  to  die  inter¬ 
face  by  forty  feet  of  cable.  Figure  2  is  a  block  diagram  illustrating  the  engine 
plumbing  and  instrumentation.  Engine  fuel  flow  can  either  be  from  the  parts  list 
control  or  from  the  parts  list  pump  through  the  EH-G1  control.  Similarly,  the 
bleed  actuator  flow  can  be  from  either  source  of  control.  Also  both  the  fuel  flow 
and  bleed  control  flow  can  be  from  an  auxiliary  pump  for  checkout  of  the  control 
loops.  Engine  Data  was  recorded  by  an  eight  channel  strip  recorder  and  by  a  "B" 
size  X-Y  plotter. 

ENGINE  FUEL  FLOW  PLUMBING 

Figure  3  illustrates  the  fuel  plumbing  used  to  obtain  flexibility  in  checkout  and 
operation  of  the  system.  The  valving  allows  for  operation  on  either  the  engine  pump 
or  an  auxiliary  pump.  The  engine  can  be  run  on  the  engine  pump  and  control  and 
the  computer  program  can  be  checked  out  by  use  of  the  auxiliary  pump  loop.  Start 
fuel  flow  is  ratner  low  during  engine  starting.  The  two  check  valves  are  incorporated 
in  the  system  to  allow  use  of  the  auxiliary  pump  for  bleed  control  during  the  starting 
sequence.  A  pressure  relief  valve  is  incorporated  in  the  EH-G1  bypass  line  as  a 
safety  feature. 

The  fifteen  (15)  valves  plumbed  into  the  fuel  system  are  manipulated  for  various  modes 
of  operation  as  listed  in  Table  1.  Valve  number  2  is  set  to  obtain  the  desired  nominal 
pressure  for  operation  of  the  system.  When  the  EH-G1  control  is  being  checked 
for  operation  the  bypass  valve  operates  to  maintain  the  required  pressure  for  control 
operation.  During  bleed  control  operation,  the  valve  is  set  to  prevent  over  pres¬ 
surizing  with  no  flow  through  the  servo  system:  During  auxiliary  pump  assisted 
starts,  Valve  2  is  set  to  yield  sufficient  pressure  for  ignition  flow  through  the  nozzles 
with  the  bypass  valves  shut.  Then  with  the  bypass  valve  operating,  the  required 
engine  pressure  excedes  the  auxiliary  pump  pressure  and  the  check  valves  close. 
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7  ENGINE 

-  Block  Diagram  of  System  Arrangement 


Figure  3  —  Fuel  System  Plumbing 


VALVE  NUMBER 


OPERATING  MODE  12 

Parts  List  System  S 

Parts  List  Pump 

Nozzle  Flow  EH-G1  S 

Bleed  Control  Parts  List 

Parts  list  Pump 

Nozzle  Flow  Part  List  S 


Bleed  Control  Servo  Valve 


3  4  5  6  7  8  9  10  11  14  15  16  17 

8  10  11 

4  7  9 

10  11 

4  8 

14  15  17 


Parts  list  Pump 
Nozzle  Flow  EH-Gl 
Bleed  Control  Servo  Valve 


S  4 


7  9 


14  15  17 


Auxiliary  Pump  Checkout 
Nozzle  Flow  EH-G.1  1  S  3 

Bleed  Control  Servo  Valve  1  S 

With  Engine  Running  1  S  3 


14  15  16 

8  10  11  17 


Nozzle  Flow  Parts  list 
Auxiliary  Pump  Servo  Valve 


1  S 


14  15  16 


Auxiliary  Pump  Start 
Nozzle  Flow  EH-G1 
Bleed  Control  Servo  Valve 


1  S 


7  9 


14  15  16  17 


"Number”  means  valves  open 
set  as  required 
All  other  valves  closed 


Table  1  —  Engine  Fuel  System  Valve  Settings 
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ELECTRONIC  INTERFACE  PACKAGE 


As  shown  by  Figures  1  and  2,  all  system  signals  are  to  and  from  the  interface. 
The  interface  circuits  are  contained  in  a  19  x  20  x  62  inch  rack. 


Figures  4  and  5  show  the  front  and  rear  views  of  the  package.  Rack  features  from 
bottom  to  top  &re: 


•  Two  8. 75"  storage  drawers, 


•  Power  supplies  for  ±5,  ±15,  and  0-34  VDC, 


A  convenience  shelf, 


•  An  8. 75"  spare  space. 


•  The  EK15  circuit  assemblies,  and 


•  The  EK14  chassis. 


The  package  is  connected  into  the  control  system  by  cables  through  the  connectors 
shown  by  Figure  5.  The  EK14  chassis  was  constructed  during  die  program  of 
Reference  1  and  has  been  incorporated  into  the  rack.  Details  of  the  interface 
package  are  presented  in  Appendix  A. 


CABLING 


Figure  6  is  a  block  diagram  illustrating  the  inputs  to  and  the  outputs  from  the 
interface.  Signal  conditioning  from  input  to  output  is  accomplished  by  the  various 
package  circuits.  A  voltmeter,  shown  by  Figure  4,  is  included  in  the  package  for 
monitoring  the  various  adjustments  and  signals.  Significant  features  include: 


•  Adjustments  to  the  IBM  1800  computer  program  by  voltage 
settings  of  potentiometers, 


Speed  or  frequency  converters  to  provide  both  digital  numbers 
proportional  to  the  reciprocal  of  frequency  and  voltages  proportional 
to  frequency. 


Oscillator  Wf 
N  Frequency 

Pace  Signals 
±15VDC 

Digitalmi 

Analog  ^ 

V-F  Converter 
Frequency  Inputs 


EK15 


Digital 

±15VDC* 
*5VDC 


EK15 


15VDCII 

i5voc  m 

Spare 


0-34VDC 


Engine 

Instrumentation 
Power  Voltages 

EK14  115V  AC 


Paco  Signals 

■Analog  Signals 
position  Control 

Trims 

Instrumentation 
Pressure  Sensors 


115  VAC  Receptacle 
EK14  115V  AC 
EK14  r  15VDP 


Power  In 


Figure  5  --  Rear  View  of  Interface  Rack 
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MANUAL  ADJUST. 


PRESSURE  RATIO 
POWER  LEVER 
BURNER  PRESS. 
FUEL  VALVE  CONT. 
SPEED  PULSES 


PACE  TR48 
ENGINE 
SIMULATION 


FREQUENCY  «1 _ 

FREQUENCY  #2 
BURNER  PRESS. 
DIFFERENTIAL  PRESS. 


BLEED  POSITION,  POS.l 


POS.  3 


MANUAL  POSITION 

DYNAMIC  INPUTS 
STEP  OR  OSCILLATOR 


18  TRIMS 


TUr  3INE 
TEMP. 


SIGNALS 


INSTRUMENTATION 


^UEL  VALVE  POS.  REQUEST  nAr 

_ DIGITAL  SPEED 

ANALOG  SPEED 


POWER  SUPPLY 
i5,  -13,  -27, +10, *15 

POWER  SUPPLY 
i  5,  *15, 0-34 


DIGITAL  WORD#  I 
DIGITAL  WORD  #2 


ANALOG 


|  BLEED  POSITION  REQUEST 

COMPUTED  VARIABLE 
FOR  INSTRUMENTATION 


DAC  #1 
DAC  #2 


■EHIS _ I  INSTRUMENTATION 


STRIPS 


MANUAL  ADJUST. 


CIRCUIT  SELECTION 
SWITCHES 

16  TRIMS 


Figure  6  --  Inputs  and  Output  of  Interface  Circuits 
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COMPUTER 


•  Five  strain  gage  type  pressure  transducer  circuits. 

•  Five  position  control  circuits  through  torque  motor  driver  amplifiers. 
These  include  the  fuel  valve  control  and  the  compressor  bleed  control. 

•  One  pressure  ratio  sensor  circuit. 

•  Provisions  for  computer  program  checkout  by  use  of  the  Pace  Analog 
computer. 

•  Three  instrumentation  strips  for  use  at  recorders.  These  strips 
contain  provisions  for  three  signal  inputs  to  the  computer. 

•  Power  supplies. 

•  Dynamic  inputs  (an  oscillator  input)  to  the  fuel  valve  and  bleed  control 
circuits  and  a  step  to  the  bleed  control  circuits. 

•  Circuit  selection  switches. 

The  system  requires  a  115  volts  60  cps  input  line  to  the  EK15  power  supply.  Hiis 
line  is  unfused  to  an  output  to  the  EK14  assembly  and  to  three  utility  receptacles 
for  auxiliary  test  components  such  as  meters  and  an  oscillator.  The  line  is  fused 
to  the  D.  C.  voltage  power  supplies  which  consist  of  ±5,  ±15  and  a  variable  0  to  34 
VDC.  System  cables  are: 

•  Interrack 

•  AC  power  to  EK14, 

•  ±15  VDC  to  EKL4, 

•  ±15  and  ±5  (one  cable)  to  EKL5  card  chassis,  and 

•  Voltmeter  connection. 

•  Engine 

•  One  multiple  cable  between  the  EK14  chassis  and  the  fuel 
control,  pressure  ratio  sensor,  pressure  sensor,  and  pulse 
pickup. 


1 cv**  *  •(?  s**1* 


•  Two  cables  between  the  EK15  card  chassis  and  a  burner  pressure 
sensor  and  a  differential  pressure  sensor. 

•  One  multiple  cable  between  the  EKI5  chassis  and  the  bleed 
control  servo  and  the  bleed  position  transducer. 

•  One  coaxial  cable,  the  use  of  which  is  not  defined. 

•  Instrumentation 

One  strip  to  the  EKX4  and  two  strips  to  the  EK15  card  chassis. 

•  Trim  Signals 

Two  fanning  strips  attached  to  one  connector  at  the  EK14  and  two 
fanning  strips  attached  to  two  connectors  at  the  EK15  card  chassis, 
instrumentation  inputs  are  included  in  trim  cable  #2  of  the  EK15 
chassis. 

•  Digital  Words 

One  word  for  engine  speed  from  the  EKX4  chassis  and  two 
words  from  the  EK15  card  chassis. 

•  Variable  Signals 

Four  signals  from  the  EK24  chassis  through  the  same  connector 
as  die  trims  and  eight  signals  from  the  EK15  chassis  through  a 
separate  connector. 

•  Pace  Computer 

One  cable  to  the  EK15  card  chassis  with  a  jumper  cable  to 
the  EKL4  chassis. 

•  Voltage  to  Frequency  Converter 


One  cable  from  the  EK15  card  chassis  to  a  converter  and  a 
frequency  input  cable  for  attachment  to  the  various  frequency 
inputs. 


17 


«CiWBa»«*M  at mm  im»*>- 


•  Oscillator  Input 


One  cable  for  fuel  valve  oscillator  input  to  the  EK14  fuel  control 
circuit  and  one  cable  to  the  EK15  position  control  circuits. 


ANALOG  COMPUTER  PROGRAM 


An  analog  computer  program  was  prepared  for  use  in  checkout  of  the  IBM  1800 
control  program  without  engine  running.  The  program  illustrated  by  the  block 
diagram  of  Figure  7  contains  a  minim u  n  of  dynamics  and  loops  and  thus  does  not 
represent  the  engine  and  sensor  ideally.  The  representation  is  sufficient  for  the 
purpose.  Equations  used  to  generate  the  signals  and  the  signal  output  magnitudes 
are  shown  by  Figure  7. 

The  valve  position  request  is  fed  in  from  the  IBM  1800  computer.  The  fuel  valve 
is  represented  by  an  integration  with  fuel  output  being  proportional  to  valve  position. 
This  fuel  is  compared  to  the  required  to  run  fuel  which  is  generated  in  a  function 
box.  The  differential  fuel  thus  obtained  is  the  dynamic  input  to  the  simulated  engine. 

Rotor  acceleration  is  proportional  to  the  differential  fuel  and  proportional  to  rotor 
speed.  The  acceleration  is  integrated  to  yield  the  rotor  speed.  The  speed  is  fed 
back  to  the  IBM  1800  computer  where  it  is  compared  with  the  power  lever  requested 
speed.  This  comparison  and  1800  computer  program  effects  tiie  requested  valve 
position  and  closes  the  loop  on  speed. 

The  speed  is  used  in  a  second  function  generator  to  provide  a  steady  state  tempera  ¬ 
ture  reference.  The  differential  fuel  flow  is  used  to  compute  a  differential  temperature 
which  is  greater  or  less  than  steady  state  temperature  depending  on  whether  the 
differential  fuel  flow  is  greater  or  less  than  steady  state.  Addition  of  the  steady 
state  temperature  and  the  differential  temperature  yields  the  engine  temperature. 

Temperature  and  speed  are  used  in  an  adder  circuit  to  generate  the  burner  pressure. 

A  differential  pressure  equal  to  the  burner  pressure  minus  the  static  pressure  in  a 
high  velocity  proportion  of  the  blading  is  set  equal  to  0. 2  the  burner  pressure 
modified  by  the  differential  temperature  value. 

The  value  of  A  P/P  sensor  in  pressure  values  is  assumed  to  be  .  2  modified  by  the 
differential  temperature  value. 

Final  gain  constants  are  shown  to  convert  the  computed  signals  to  voltage  signals 
of  proper  magnitude  for  input  to  the  computer. 
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SECTION  HI 

CONTROL  PROGRAM  DESCRIPTION 


The  control  program  includes  several  loops  which  can  be  used  independently  for 
control  during  some  phase  of  engine  operation  or  in  conjunction  with  other  loops 
during  a  phase  of  operation.  Some  of  the  loops  included  were  not  required  by 
contract  but  were  included  to  ascertain  feasibility  of  the  loop  if  time  permitted. 

IBM  1800  computer  program  time  was  increased  about  1  millisecond  by  the  additional 
computational  cycle  time.  The  program  is  represented  by  the  block  diagram  of 
Figure  8.  The  computation  listing  is  presented  in  Table  2,  Figures  9  through  13 
illustrate  the  various  control  loops  separated  out  from  the  total  program  for 
clarity. 

Adjustment  to  the  computer  program  is  by  voltage  settings  of  potentiometers. 

Eighteen  (18)  of  these  trim  potentiometers  were  included  in  the  Bendix  EK14  inter¬ 
face  package.  Sixteen  (16)  more  trim  potentiometers  were  added  by  the  EK15 
interface  package.  These  voltages  are  converted  by  an  A  to  D  converter  over 
the  range  from  -5  volts  equal  32767  counts  to  +5  volts  equal  -32767  counts.  Only 
negative  voltages  are  used  for  both  the  trims  and  engine  variables.  The  engine 
speed  is  input  by  a  digital  word  proportional  to  the  reciprocal  of  speed.  Computer 
counts  for  speed  are  equal  in  magnitude  to  the  engine  rpm.  Outputs  from  the  program 
are  through  D  to  A  converters  from  32767  counts  equal  10  volts  to  -32767  counts 
equal  -10  volts. 

UNITS  AND  CONVERSIONS 


It  is  often  convenient  as  an  aid  to  understanding  to  attach  equivalent  engineering  units 
to  the  abstract  computer  counts.  Various  equations  in  the  description  relates 
engineering  units  to  voltages  to  computer  counts  to  obtain  an  insight  into  the  effects 
of  the  various  points  in  the  computation  sequence.  Engineers  accustomed  to  working 
with  turbo  jet  engine  controls  often  speak  and  think  in  terms  of  ratios.  The  ratios 
being  the  term  fuel  flow  in  pounds  per  hour  divided  by  burner  pressure  in  pounds 
per  square  inch  absolute.  The  magnitude  of  ratios  depends  on  the  size  of  the  engine. 
For  any  one  engine  it  is  convenient  to  express  operation  in  terms  of  ratios.  The 
steady  state  ratio  and  the  acceleration  ratios  are  variable  with  compressor  inlet 
temperature  and  to  a  small  extent  with  pressure  and  speed.  For  the  J85-7  the  steady 
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I  I  state  ratios  in  the  speed  range  from  65  percent  to  100  percent  in  the  AFAPL  test  cell 

during  the  summer  time  is  very  near  20  ratios.  With  computer  scaling  vised,  one 
ratio  is  very  near  32. 8  counts.  Thus  Trim  9  which  is  designated  base  ratios  is 
set  at  -1. 6  volts  to  yield  657  counts  by  the  computation  -1. 6  x  32767/(-5)  x  24=657 
counts.  Any  number  which  appears  in  the  select  high  and  select  low  computation 
then  has  a  relationship  to  ratios  or  steady  state  ratios  or  number  depending  on  the 
magnitude  of  die  number. 

I  Count  values  in  other  parts  of  the  fuel  loop  depend  on  die  multipliers  associated  with 

the  computational  path.  Multiplications  are  affected  by  gain  numbers.  The  gain 
numbers  are  set  by  potentiometers.  Thus  a  count  in  the  speed  control  path  has  an 
equivalent  ratio  effect  depending  on  the  gain  potentiometer  setting.  A  count  in  the 
speed  circuit  is  equal  to  one  rpm.  The  ratios  count  effect  of  one  rpm  is  then  equal 
to  one  rpm  x  volts  of  Trim  6  x  32767/5  x  214  -  .  4  volts  of  Trim  6  x  rpm.  Thus  at 
2. 5  volts  of  Trim  6  an  rpm  is  equivalent  to  one  ratios  count  or  32. 8  rpm  is 
equivalent  to  one  ratio. 

FUEL-PRESSURE  RATIOS  BOUNDS 

Figure  9  illustrates  computations  which  bound  the  fuel  flow  in  terms  of  ratios. 

Closed  loop  control  operates  within  the  bounds  set  by  these  computation  paths. 
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Deceleration  ratios  are  set  by  Trim  5.  Computer  counts  of  this  trim  are  51  counts/ 
volt.  Since  there  is  a  maximum  of  5  volts,  the  maximum  counts  are  256.  To  this 
number  is  added  the  closed  loop  deceleration  counts  which  is  a  maximum  of  350. 
Since  the  minimum  voltage  of  Trim  5  is  1. 66,  the  program  count  is  in  the  range 
606  to  85  counts.  These  numbers  are  15  to  2. 6  ratios.  This  part  of  the  control  is 
die  minimum  possible  ratios  and  must  be  maintained  below  the  required  to  run  ratios 
or  the  speed  control  would  be  ineffective. 

The  maximum  ratios  obtained  at  any  speed  are  determined  by  select  low  logic  of 
three  schedules.  At  low  speeds  the  maximum  ratios  are  determined  by  the  zero 
speed  intercept  (Trim  17)  plus  the  speed  slope  factor  (Trim  18).  The  equation  of 
this  line  is:  counts3  (Volts  of  Trim  17)  205  +  (Volts  of  Trim  18)  205  x  rpm/2  . 

Nominal  settings  of  these  trims  are  1. 5  volts  and  2. 69  volts,  respectively.  Thus 
the  intercept  is  308  counts  and  9. 4  ratios.  The  slope  adds  to  this  such  that  at 
12. 8  percent  speed,  144  counts  are  added  and  at  51  percent  speed  576  counts  are 
added  to  the  intercept.  Total  ratios  are  then  13. 8  and  26. 9. 
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Figure  9  —  Fuel -Pressure  Ratios  Bounds 


In  the  mid-speed  range  a  fixed  maximum  ratios  is  used  equal  to  410  multiplied 
by  the  voltage  of  Trim  16.  At  the  nominal  setting  of  2. 5  the  maximum  counts  is 
1025  equal  to  31. 3  ratios.  The  nominal  start  schedule  equals  this  value  at 
10,650  rpm. 

There  is  also  a  back  slope  schedule  in  which  counts  =  6150  - 1338  N/212.  At 
maximum  speed  of  16500  rpm,  the  back  slope  yields  790  counts  or  24.1  ratios. 

The  required  to  run  counts  of  650  would  occur  at  17, 200  rpm  equal  to  104  percent. 

ENGINE  VARIABLE  GOVERNORING 

Three  engine  variations  areincluded  in  a  closed  loop.  The  differences  between 
request  for  and  engine  speed,  turbine  temperature  or  burner  pressure  are  added 
to  the  base  ratios  as  set  by  Trim  9.  Engine  speed  is  used  as  fee  selected  input 
parameter  for  fee  control  system.  Pressure  and  temperature  loops  are  included 
as  safety  loops  which  can  be  used.  Either  or  both  signals  can  be  set  to  provide  an 
upper  speed  limit  in  event  of  speed  control  failure.  Also  fee  temperature  circuit  can 
be  used  for  start  control  protection  operation.  A  block  diagram  illustrating  these 
control  loops  is  shown  by  Figure  10. 

The  speed  control  loop  is  varied  by  Trims  1,  2,  and  6  and  by  the  throttle  input. 

Trim  1  is  used  to  set  fee  minimum  speed  for  an  investigation  sequence.  The 
selected  speed  is: 

N  =  rpm  =  counts  =  10, 000  +  819  (Volts  Trim  1). 

Selected  speed  in  percent  and  rpm  is  given  by  fee  following  list 

N  BPM  10000  10710  11550  12380  12730 

N%  60.5  65  70  75  77 

Volts  0  .86  1.89  2.9  3.33 

Trim  2  is  used  to  set  fee  maximum  speed  for  an  investigation.  The  selected 
speed  is: 

N  =  rpm  =  counts  =  13000  +  819  (Volts  Trim  2). 


Figure  10  —  Speed  Temperature  and  Pressure  Control  Loops 


Selected  maximum  speed  in  percent  and  rpm  is  given  by  the  following  list 


N  RPM 

13000 

13200 

14020 

14850 

15690 

16500 

17096 

N% 

78.8 

80 

85 

90 

95 

100 

103.4 

Volts 

0 

.24 

1.25 

2.26 

3.27 

4.27 

5 

Throttle  speed  request  is  in  the  form  of  a  voltage  where, 

N  =  rpm  =  counts  =  6553  (volts  throttle), 

Throttle  counts  are  compared  with  minimum  speed  counts  and  the  highest  selected. 
Also  the  throttle  counts  are  compared  with  the  maximum  speed  counts  and  the  lowest 
is  selected.  The  throttle  can  thus  be  moved  through  a  large  range  but  the  speed  is 
selected  by  the  trims. 

Selected  speed  is  compared  to  the  actual  speed  and  the  difference  is  multiplied  by 
the  gain  set  by  Trim  6.  The  error  in  speed  multiplied  by  the  gain  then  becomes  a 
counts  effective  as  ratios  counts.  This  can  be  expressed  as: 

ratios  counts  =  AN  (.4) (Volts  Trim  6). 

If  the  gain  is  2. 5  volts  the  speed  error  is  equal  to  count  ratios  or  32. 8  rpm  error 
is  one  fuel-pressure  ratios. 

The  temperature  control  loop  is  varied  by  two  trims.  Trim  7  sets  the  temperature 
request  level,  where  request  =  6000  +  819  (volts  Trim  7).  The  request  in  counts  is 
equal  to  four  times  the  request  in  degrees  R.  Temperature  is  input  through  the 
A/D  converter  and  scaled  such  that  5  volts  will  equal  16383  counts  which  vifi  equal 
four  times  the  temperature  in  degrees  R.  In  table  form  the  temperature  •  juest  is: 


Temperature 

1500  1705 

1910 

2115 

2319 

2524 

Volts  Req 

0  1 

2 

3 

4 

5 

Volts  sensor 

1.83  2.08 

2. 33 

2.58 

2. 83 

3.08 

Sensor  volts  = 

1. 22  x  10-3  Volts/*  R  for  the  loop 

as  specified. 

Comparison  of  the  request  and  temperature  yields  a  temperature  error.  This  error 
is  multiplied  by  a  gain  set  by  Trim  8  to  obtain: 

Counts  =  3.2  (Volts  Trim  8)  AT*R  = 

ratios  in  counts,  or  about  10*  and  a  gain  of  one  volt  will  yield  one  fuel-pressure  ratio. 


A  burner  pressure  control  loop  is  provided.  The  burner  pressure  sensor  circuit 
yields  an  output  of  5  volts  equal  to  200  psia.  A  burner  pressure  reference  level  is 
set  by  Trim  8A.  Neither  of  these  senses  is  scaled  and  a  request  voltage  is 
equal  to  sensor  voltage  at  zero  error.  The  sensor  and  reference  counts  are  164 
counts  equal  one  psi.  These  two  values  are  compared  and  multiplied  by  a  gain 
Trim  9A  to  yield: 

Counts  =  16. 4  (Volts  Trim  9A)  AP 

or  at  one  volt  of  Trim  9A  two  psi  error  yield  one  fuel -pressure  ratio. 

A  comparison  of  the  temperature,  pressure  and  speed  control  loops  are  made  in 
a  select  low  logic  circuit.  The  lowest  value  is  added  to  the  base  ratios  set  by 
Trim  9.  Base  ratios  are  set  near  toe  required  to  run  so  that  no  or  a  small  error 
exists  in  the  control  at  steady  riate. 

PRESSURE  RATIOS  ACCELERATION  CONTROL 

Acceleration  control  by  pressure  ratio  is  shown  in  two  forms  by  Figure  11.  One 
method  utilizes  toe  error  between  the  sensed  value  and  requested  value  of  toe 
pressure  ratio  to  establish  an  integration  rate  of  ratios  request  counts.  The  other 
method  utilizes  toe  difference  proportionally  to  decrease  toe  maximum  ratios  being 
requested.  In  order  to  accomplish  this  control,  a  scheduled  step  and  ramp  are 
used  for  limits  of  request  ratio  counts  as  a  function  of  time. 

Computations  are  started  at  the  base  ratios  value.  Base  ratios  are  set  near  required 
to  run  value  by  Trim  9  which  yields. 

Counts  =  410  (Volts  'Trim  9). 

A  step  is  added  by  Trim  3  to  toe  base  ratios  to  obtain  toe  minimum  acceleration 
value.  The  step  counts  =  205  (Volts  Trim  3),  A  ramp  is  also  added  to  the  sum 
of  the  base  ratios  and  the  step.  The  ramp  is  a  value  which  is  added  to  the  previous 
value  each  computation  cycle,  that  is,  each  0. 01  second.  An  error  in  speed  which 
is  equal  to  256  counts  must  be  present  to  cause  toe  ramp  to  become  effective.  The 
ramp  set  by  Trim  4  is,  counts  =  12. 8  (Volts  Trim  4).  Thus  when  an  increase  in 
speed  is  requested,  the  step  sets  toe  initial  acceleration  value,  and  if  toe  speed 
request  is  greater  than  256  counts,  toe  ramp  becomes  effective  to  add  to  toe  step. 
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Figure  21  —  Pressure  Patios  Acceleration  Control 


The  ramp  value  is  in  a  select  low  loop  with  the  difference  between  AP/P  (pressure 
ratio)  sensor  and  the  desired  value  of  AP/P  set  by  Trim  11A.  This  difference  is 
multiplied  by  the  setting  of  Trim  10A.  Thus  the  ramp  due  to  AP/P  loop  is: 

Counts  =  20  Volts  A^P/P)  (Volts  Trim  10A). 

A  second  loop  of  AP/P  control  is  also  included.  In  this  loop  the  differ  ^e  between 
a  requested  value  of  AP/P  set  by  Trim  10  and  the  sensor  value  is  ed  by  the 

gain  of  Trim  15  to  influence  the  maximum  ratio  set  by  Trim  10  through  a  select  low 
loop.  Sensor  voltage  is  near  -2. 5  at  steady  state  and  decreases  in  magnitude  (toward 
a  positive  value)  during  an  acceleration.  The  sensor  voltage  must  be  less  negative 
than  the  request  voltage  to  influence  the  acceleration.  The  effect  of  the  loop  is: 

Counts  =  164  Volts  A(AP/P)  (Volts  Trim  15). 

Logic  in  the  control  program  is  used  to  maintain  the  ramp  value  at  zero  until  a 
speed  of  10, 700  rpm  is  reached.  Also  logic  maintains  the  request  of  the  AP/P  value 
at  zero  below  10, 700  and  above  15, 700  rpm. 

PRESSURE  RATIOS  DECELERATION  CONTROL 

Deceleration  control  by  pressure  ratio  is  shown  in  two  forms  by  Figure  12.  One 
method  utilizes  the  difference  between  the  sensed  value  and  request  value  to  establish 
an  integration  rate  of  ratios  request  counts.  The  other  method  utilizes  the  difference 
proportionally  to  add  to  the  minimum  ratio  counts. 

A  deceleration  computation  is  started  when  a  speed  request  less  than  the  engine  speed 
is  requested.  A  step  is  input  between  the  required  to  run  value  of  counts  and  Ihe 
speed  error  in  counts  limited  by  die  deceleration  ratios  set  by  Trim  5  plus  350  counts. 
The  maximum  count  value  of  Trim  5  is  256.-  Thus  the  maximum  deceleration  counts 
is  606  which  yields  about  50  counts  step  when  the  throttle  is  retarded.  If  the  speed 
error  exceeds  a  negative  200  counts,  a  ramp  determined  by  Trims  12A,  13A  and  14A 
has  an  effect. 

Trim  14A  is  used  to  set  the  reference  value  of  AP/P  during  the  deceleration.  Since 
the  sensor  voltage  is  near  -2. 5  volts  at  steady  state  and  becomes  more  negative 
during  a  deceleration,  the  Trim  14A  voltage  is  set  at  a  more  negative  value  than  -2. 5 
The  difference  is  multiplied  by  the  value  of  ±rim  13A  to  yield: 

Counts  =  20.5  Volts  A  (AP/P)  (Volts  Trim  13A). 
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The  low  value  of  the  two  ramp  ratios  causes  a  decrease  in  the  set  value  of  350  by 
the  value  of  the  ramp  for  each  computation  cycle.  This  in  turn  allows  the  value 
of  deceleration  counts  to  decrease  until  the  control  value  is  reached. 

The  second  loop  i3  proportional  to  the  error  between  the  sensor  voltage  and  the 
request  set  by  Trim  1A.  This  difference  is  multiplied  by  the  gain  of  Trim  15A 
to  yield: 

Counts  =  164  Volts  A(AP/P)  (Volts  Trim  15A). 

The  counts  are  added  to  the  deceleration  ratios  set  by  Trim  5.  hi  order  for  the 
loop  to  be  effective  the  ramps  must  be  set  high  enough  that  the  value  of  symbol 
r~DB4  is  less  than  DRADP.  Trim  1A  voltage  is  set  more  negative  than  steady- 
state  sensor  voltage  and  die  sensor  voltage  decreases  below  that  value  yielding 
positive  counts  which  add  to  the  JDEC  deceleration  counts. 

SECONDARY  PRESSURE  RATIO  LOOPS 

Another  approach  to  the  acceleration  and  deceleration  control  by  pressure  sensing 
is  shown  by  Figure  13.  Since  the  acceleration  value  of  AP/P  is  nearly  constant, 
that  is, 

AP/P  =  K,  and 
AP/K  =  P. 

It  would  appear  that  control  could  be  affected  by  multiplying  AP  by  some  constant 
(the  K  above  is  less  than  unity)  and  comparing  the  results  with  PB.  The  decrease 
in  maximum  counts  during  an  acceleration  is  given  by: 

Counts  =  {[2621  (Volts  Trim  11)  £P  Volts)]  -6553  (PB  Volts)}  (-1  Volts  Trim  12). 

The  result  of  this  computation  is  used  to  decrease  the  maximum  counts  proportional 
to  error. 

Deceleration  control  is  given  by  the  equation: 

Counts  ={f2621  (Volts  Trim  13)  AP  Volts}  -6553  (PB  Volts)}(.l  Volts  Trim  14). 

The  result  of  this  computation  is  compared  by  select  high  logic  to  the  results  of 
deceleration  control  computations  above  to  establish  the  deceleration  counts. 
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GEOMETRY  SCHEDULE  COMPUTATIONS 

Figure  14  illustrates  the  bleed  and  guide  vane  position  computation.  Bleed  position 
obtained  by  engine  naming  on  the  parts  list  control  was  nearly  linear.  A  schedule 
of  four  L5;raight  lines  was  established.  Below  83%  speed,  the  bleeds  were  maintained 
open.  At  speeds  greater  than  100%  the  bleeds  were  maintained  at  the  value  established 
on  the  day  of  running  to  establish  a  schedule.  The  schedule  shown  by  the  figure 
is  one  straight  line  between  83%  and  100%  speed.  The  midpoint  calculation  would 
not  have  been  necessary. 

The  program  illustrated  by  the  block  diagram  compares  speed  and  selects  the  speed 
range  of  operation  and  than  the  position  value  is  calculated  for  the  applicable  speed 
range.  The  speed  is  first  compared  with  the  value  set  by  Trim  7A  which  is  16, 500 
rpm  equal  100%  for  the  program  used.  In  the  current  use  of  the  program,  this  step 
is  not  necessary.  If  however  there  were  a  speed  above  100%  or  some  other 
programmed  speed,  the  comparison  would  be  positive  and  the  position  set  by  Trim 
6A  designed  X3  would  have  been  increased  by  the  speed  difference  times  the  slope 
designated  by  K2. 

When  the  speed  is  less  than  that  set  by  Trim  7A,  the  comparison  is  negative  and 
the  next  comparison  of  speed  set  by  Trim  5A  is  made.  If  positive,  the  calculation 
of  path  99  is  made.  The  value  of  the  position  is  than  the  linear  interpolation  between 
positions  of  Trim  4A  and  Trim  6A.  If  comparison  of  N  and  N2T  is  negative,  than 
the  comparison  of  N  and  NIT  is  made  and  the  indicated  path  of  computation  is  followed. 

The  selected  value  of  the  position  is  divided  by  two  in  order  to  achieve  the  output 
voltage  from  the  D/A  converter  equal  in  magnitude  to  the  input  request  voltage. 

This  is  for  convenience  of  checking  operation  of  the  loop.  At  bleed  open  position 
(low  speed)  path  79  the  request  (Trim  2A)  was  set  to  -1. 58  volts,  the  DAC  output 
was  +1. 58  and  the  position  read  from  the  position  potentiometer  was  -1. 58  volts. 

Computer  program  computations  are  shown  by  Table  2. 
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Figure  24  —  Computation  for  Bleeds  and  Guide  Vane  Schedule 


SECTION  IV 


SYSTEM  INSTALLATION  AND  CHECKOUT 


Figure  15  shows  the  plan  view  of  the  control  room  as  presented  in  Reference  2. 
Location  of  the  Pace  TR-48  analog  computer  and  the  control  electronics  interface 
are  indicated  on  the  figure.  A  GE  J85-7  engine  was  installed  in  the  test  chamber. 
Figure  16  shows  the  bleed  portion  of  the  engine.  Location  of  the  position  feedback 
potentiometer  is  indicated  and  the  hydraulic  lines  which  were  rerouted  through 
the  selection  valve  plumbing  are  shown. 

INSTALLATION 

In  Section  II  the  general  arrangement  of  the  assemblies  comprising  the  engine  - 
control  system  was  presented.  In  this  section  some  detail  of  the  interconnecting 
cabling  and  component  installation  are  listed. 


Test  Chamber  Components 


Figure  17  shows  the  end  of  the  cable  bundle  and  components  used  for  the  program 
reported  in  Reference  1.  For  the  current  program  a  second  CEC  4-326-0001 
pressure  transducer  and  a  second  burner  pressure  pickup  adapter  were  added. 
The  second  transducer  is  tied  into  the  high  pressure  line  to  the  pressure  ratio 
sensor.  The  second  adapter  is  used  to  provide  pressures  to  a  CEC-4-312-0002 
differential  pressure  transducer.  The  burner  pressure  sensor  used  for  fuel 
calculation  by  the  computer  program  is  attached  to  the  third  port  of  the  second 
adaptor. 


The  servo  valve  is  tied  into  the  bleed  actuator  hydraulic  lines  indicated  by  Figure  16. 
The  valving  for  this  plumbing  is  indicated  by  Figure  3. 


Cables  are  attached  to  the  components  and  to  the  interface  connectors  as  indicated 
by  cable  and  connector  markings. 
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Figure  15  —  Plan  View  of  Control  Room 


Figure  16  —  View  of  External  Bleed  Door  Actuation  Linkage 


Figure  17  —  Engine  Wiring  Cable  and  Components 
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Pace  Computer 

The  pace  computer  is  programmed  and  attached  to  the  interface  as  indicated  on  the 
cable  provided.  Pace  outputs  to  the  interface  consist  of: 

•  Power  lever,  PLA 

•  Pressure  ratio,  AP/P 

4  •  Burner  pressure,  P3 

This  signal  is  used  for  burner  pressure  PB  also  by  two  inputs 
to  the  interface. 

•  Differential  pressure,  AP. 

The  above  five  signals  are  input  directly  to  the  interface  isolation 
amplifiers  outputs  to  the  computer  terminal,  whereas,  the  engine  signals 
are  input  through  resistors  to  the  same  point.  Thus,  the  engine  com¬ 
ponents  can  be  connected  during  simulation  checkout  but  the  analog 
computer  input  lines  must  be  disconnected  before  the  engine  components 
can  be  used. 

•  Turbine  Temperature,  T4 

This  signal  is  input  through  the  EK14  instrumentation  line. 

•  Engine  Speed,  N 

This  signal  is  input  in  parallel  with  the  electro-magnetic  signal.  The 
signal  is  generated  in  a  voltage  to  frequency  converter.  This  line  must 
also  be  disconnected  before  engine  running. 

IBM  1800  Computer  Terminal  Connections 

Six  cables  are  used  to  connect  the  interface  to  the  computer  terminal.  The  connec¬ 
tions  are  to  terminal  points  listed  below: 

•  EK14  Analog  Signal  Cable 

•  Trims  1  through  18  are  connected  to  terminal  points  27  through  44. 
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•  Pressure  ratio,  A  P/P,  to  point  45 

•  Power  lever,  PLA,  to  point  46 

•  Turbine  temperature,  T4,  to  point  47 

•  Burner  pressure,  P3,  to  point  48. 

•  EKL5  Analog  Variable  Signals 

•  Burner  pressure,  PB,  to  point  49 

•  Differential  pressure,  AP,  to  point  50.  Points  51,  52  and 
53  are  spare  points  not  used  in  the  program. 

•  Pressure  circuits  3  and  4  and  position  feedback  POS1,  POS2, 
POS3,  and  POS4  were  not  connected. 

•  EKio  Trim  Cable  #1 

•  Trims  1A  through  9A  are  connected  to  terminal  points  18 
through  26. 

•  EKL5  Trim  Cable  #2 

•  Trims  10A  through  16A  are  connected  to  terminal  points  54 
through  61. 

•  Instrumentation  signals  #1  and  #2  incorporated  in  this  cable 
were  not  used. 

•  EJEG4  Engine  Speed  Signal,  N 

•  This  fifteen  bit  word  was  connected  to  digital  input  word 
number  1.  The  sync  signal  was  input  to  the  sign  bit  point. 

•  EK15  Frequency  Signal 

•  This  fifteen  bit  word  was  not  used  in  the  program  but  was 
connected  to  digital  input  word  number  2.  The  sync  signal 
was  connected  to  the  sign  bit  point. 
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•  Digital  to  analog  converter  signals 

•  Fuel  valve  position  request,  DAC  O 

•  Bleed  and  guide  vane  position  request,  DAC  1 

•  Quotient  of  differential  pressure  divided  by  burner  pressure 
AP/PB,  DAC  2. 

Instrumentation  Cables  and  Instrumentation 


Three  instrumentation  cables  are  provided  with  the  interface  and  three  signals  are 
obtained  from  the  facility  data  acquisition  devices. 

•  EK14  Instrumentation  Cable 

•  Fuel  valve  position  for  fuel  flow  indication  to  the  X-Y  and  strip 
recorders. 

•  Analog  speed  signal  (10  volts  equals  100%  N)  for  speed  signal 
to  the  X-Y  recorder  and  to  the  strip  recorder. 

•  Turbine  temperature  input  from  Pace  Computer. 

•  Pressure  ratio,  AP/F,  to  strip  recorder. 

•  EKL5  Instrumentation  Cable  #1 

•  Bleed  valve  position  on  the  strip  recorder. 

•  Pressure  ratio,  AP/PB,  from  IBM  1800  DAC  2  to  the 
8 trip  recorder. 

•  EK15  Instrumentation  Cable  #2 

**  Burner  pressure,  PB,  to  the  strip  recorder. 

•  Differential  pressure,  AP,  to  the  strip  recorder. 

•  7/16  inch  Potter  flow  meter  to  the  strip  recorder. 


•  3/8  inch  Potter  flow  meter  to  the  strip  recorder. 

•  Turbine  temperature  to  the  strip  recorder. 

CIRCUIT  CHECKOUT  PROCEDURE 

The  circuits  are  checked  for  operation  both  with  engine  off  and  with  the  engine 
operating.  All  trims  are  moved  and  set  to  nominal  values  by  observation  of  signals 
on  die  voltmeter.  Outputs  of  engine  signals  are  read  on  the  voltmeter.  These 
circuits  are  adjusted  for  proper  non -running  outputs  if  needed.  The  IBM  1800 
program  is  placed  on  line  and  a  print  out  of  all  computer  inputs  points  obtained. 

These  are  checked  for  agreement  with  the  settings  made. 

The  engine  is  started  on  the  parts  list  control  and  a  strip  recording  of  the  start  is 
made.  A  strip  traces  of  and  a  computer  printout  of  the  variables  for  several  speed 
values  are  obtained.  These  data  are  examined  to  ascertain  die  validity  of  trans¬ 
ducer  operation  and  to  establish  bleed  valve  schedule  and  start  fuel  schedule. 

During  these  checkouts,  signals  were  observed  on  an  oscilloscope  to  determine  line 
noise.  The  digital  to  analog  signals  of  fuel  valve  position  request  and  pressure 
ratio  were  found  to  be  excessively  noisy.  These  signals  were  changed  100  times 
per  second  hence  the  output  appeared  as  steps.  Since  the  computer  reads  point 
input  values,  any  frequency  noise  can  cause  the  steps  in  the  DAC  signals  depending 
on  read  cycle  in  relation  to  noise  frequency.  Two  prominent  sources  of  noise 
were  found.  First,  there  were  some  ungrounded  shields  ’ahich  introduced  60  cps 
noise  on  the  pressure  signals.  Second,  there  was  high  frequency  noise  from  the 
IBM  1800  special  power  supply.  Elimination  of  these  two  relatively  high  amplitude 
noise  inputs  brought  all  signal  noise  within  tolerable  bounds. 

During  the  previous  program  there  had  been  a  discrepancy  between  set  values  and 
computer  read  values.  The  isolation  amplifiers  added  to  the  interface  output  circuits 
as  line  drivers  eliminated  this  problem, 

SIMULATED  ENGINE  CONTROL 

The  Pace  computer  cables  are  connected  to  the  interface  and  the  control  program 
is  put  into  operation.  Various  loops  of  the  control  program  are  checked  and  operation 
of  various  adjustments  is  ascertained. 
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Speed  request  is  from  the  computer  in  a  form  which  can  be  switched  from  idle  to 
maximum  to  idle  bv  snap  action.  Each  of  the  adjustments  and  groups  of  adjustments 
is  checked  in  ti  *ra  during  acceleration  and  deceleration  requests  to  establish  valid 
solution  of  the  mode  by  the  IBM  1800  computer  program.  Two  reversed  signs  in 
addition  circuits  were  found  during  these  checkouts. 

AUXILIARY  PUMP  CHECKOUT 

After  start  and  bleed  schedules  are  programmed,  the  auxiliary  pump  is  used  to 
provide  flow.  A  speed  signal  is  obtained  from  an  oscillator  and  operation  of  the 
two  control  loops  are  checked. 

Setting  the  bleed  schedule  is  very  simple,  speed  point  trims  are  set  at  1/40  the 
percent  speed  and  the  geometry  value  trims  are  set  at  feedback  voltage  obtained 
when  the  control  was  on  the  hydromechanical  system.  Bleed  schedule  is  a  function 
of  inlet  temperature  as  well  as  speed.  The  schedule  was  established  on  a  hot  day 
resulting  in  the  bleeds  being  more  open  on  cooler  days  than  the  hydromechanical 
schedule  would  have  been.  The  bleed  position  request  was  switched  from  DACl 
to  the  manual  input  to  check  the  manual  position  request. 

Starting  fuel  schedule  had  been  established  during  the  previous  program.  The 
schedule  was  checked  to  determine  operation  of  the  fuel  control  and  computer  program 
in  the  start  region.  The  fuel  flow  was  low  because  of  the  low  value  of  the  burner 
pressure. 

The  bleed  position  and  fuel  flow  circuit  each  have  provisions  for  parallel  inputs. 

An  oscillator  input  was  used  to  check  these  circuits. 

ENGINE  START  UP  TO  CHECK  FUEL  START  SCHEDULE 


The  engine  was  started  on  the  parts  list  control  while  the  electronic  control  was 
operating  on  the  auxiliary  pump.  During  this  test,  the  burner  pressure  was  at 
engine  operating  conditions  and  the  start  schedule  and  acceleration  and  deceleration 
flow  at  various  speeds  were  checked  by  manipulation  of  the  electronic  contro'  hrottle 
to  obtain  a  request  above  and  below  the  engine  speed. 
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SECTION  V 

ENGINE  TEST  RESULTS 


Most  engine  tests  were  limited  to  the  range  between  70  and  95  percent  speed.  The 
engine  has  accumulated  200  hours  of  operation  and  the  case  has  been  cut  in  numerous 
places  for  mounting  of  instrumentation.  Since  the  AFAPL  have  several  test . 
sequences  planned  for  the  engine,  most  testing  was  conducted  under  rather  mild 
conditions  of  operation.  In  the  test  sequences  conducted  for  this  program,  nearly 
250  acceleration  and  deceleration  cycles  were  accomplished  and  the  engine  was 
stalled  three  times. 

During  the  test  period,  the  fuel  spray  nozzles  had  to  be  cleaned,  the  bleed  doors 
had  to  be  replaced,  and  one  bleed  actuator  bellcrank  was  broken  and  replaced. 
Intentional  engine  stalls  were  limited  to  those  necessary  to  accomplish  program 
objectives  since  damage  to  the  engine  can  occur.  Enough  stalls  were  made  to 
establish  that  moving  the  bleeds  closed  to  stall  the  engine  produced  no  indication 
of  stall  before  the  stall  occurred. 

The  engine  was  accelerated  and  decelerated  at  ground  level  conditions  and  simulated 
altitude  conditions  to  demonstrate  feasibility  of  the  control  mode.  The  sensor  used 
(the  Bendix  PRA-A1  pressure  ratio  sensor)  did  not  have  sufficient  range  because  of 
physical  travel  limits  in  this  unit  to  demonstrate  both  rapid  accelerations  and 
decelerations  with  a  single  setting.  There  was  a  shift  in  steady  state  sensor  output 
value  between  ground  level  and  altitude.  In  this  rather  short  program  no  attempt 
was  made  to  develop  the  sensor  for  full  acceleration  plus  deceleration  range  of 
operation  nor  was  an  attempt  made  to  locate  a  probe  position  which  may  have  been 
equally  valid  for  altitude  and  ground  level  operation. 

The  altitude  tests  included  in  this  sequence  showed  the  change  in  value  of  AP/P 
with  altitude  as  the  sensor  probes  were  located  in  file  engine.  Additional  investigation 
would  be  required  to  determine  if  this  change  is  characteristic  or  if  an  experimentally 
selected  sensing  probe(s)  location  would  give  uniform  results  at  all  altitudes. 
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ENGINE  TEST  LOO  SHEET 


TYPE  TEST 


DATE 


TIME 


Speed 


Min. 

Max, 

Inlet  Pressure 
Inlet  Temperature 


Start 

1  SETTINGS  1 

Variable 

SctUnc 

Namo 

No  Effect 

.  1.000  to  Control 

Trim  1 

2.00 

Idle  speed 

At  desired  idle  setting 

2 

3.57 

Max.  speed 

At  desired  max.  N  setting. 

3 

4.9 

Ratios  step 

4.9 

Greater  than  zero 

4 

4.9 

Ratios  ramp 

4.9 

Greater  than  zero  ! 

S 

2.0 

Dec.  ratios 

1.7  to  5.0  volts  ! 

G 

To 

Speed  Gain 

0.6  to  5.0  volts 

7 

4.9 

Temp.  Level 

4.9 

Too  obtain  oounts 

8 

2.0 

Temp.  Gain 

2.0 

Greater  than  zero 

9 

1.6 

Base  ratios 

Near  1.6 

10 

0 

AP/P  Level 

At  desired  sensor  voltage 

11 

2.0 

AP  Multiplier 

AP  Counts >Pg  Counts 

12 

0 

AP  ACC  gain 

0 

Greater  than  zero 

13 

2.0 

AP  Dec.  Multi. 

AP  Countq>P£  Counts 

14 

0 

AP  Deo.  gain 

0 

Greater  than  zero 

IS 

0 

AP/P  gain 

0 

16 

2.5 

Max.  ratios 

High 

1, 7  to  3+  volts 

17 

3.0 

Start  Level 

High 

As  required 

18 

2.0 

Start  slope 

High 

As  required 

la 

4.0 

AP/P  Dec.  Ref. 

4.9 

At  desired  sensor 

2a 

1.60 

XI 

3a 

2.12 

NIT 

4a 

2.47 

X2 

5a 

2.28 

N2T 

6a 

3.73 

X3 

7a 

2.52 

N3T 

81 

2.0 

Pres&gain 

2.0 

Greater  than  zero 

9a 

3.5 

Press,  level 

3.5 

At  desired  P3  volts 

10a 

0.0 

Ramp  Gain  Ace. 

2.0 

Greater  than  zero 

11a 

0 

RampReLAP/^ 

0 

At  deBired  sensor  voltage 

12a 

.5 

Ratios  ramp  doe. 

4.9 

Greater  than  zero 

13a 

2.5 

Ramp  gain  Dec. 

2.5 

Greater  dun  zero 

14a 

4.9 

Ramp  ref,  Deo. 

4.9 

At  desired  sensor  voltage 

15a 

0 

AP/P  gain  Deo. 

0 

Greater  than  zero 

Trim  16a  . 

0 

Table  3  —  Trim  Setting  for  Various  Control  Modes 
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TEST  PROCEDURES 


Control  system  adjustments  were  set  to  the  values  shown  by  Table  3  for  engine 
starting.  After  the  start,  adjustments  which  could  interfere  with  tests  on  the  loop 
being  investigated  were  set  out  of  the  way  of  loop  operation.  Values  for  the  various 
trims  for  effect  and  no  effect  on  the  various  loops  are  also  shown  on  Table  3. 

The  engine  was  accelerated  with  the  throttle  to  maximum  request  rpm.  The 
setting  of  Trim  2  limited  the  maximum  speed  obtained.  After  the  high  speed  was 
obtained,  the  request  for  low  speed  was  accomplished  by  closing  a  switch  which 
loaded  the  throttle  potentiometer  causing  a  low  speed  request.  Accelera  dons 
and  decelerations  were  then  made  by  opening  and  closing  the  switch. 

Values  of  adjustments  to  be  effective  during  various  control  modes  were  selected. 
The  engine  test  log  sheet  Table  4  contains  the  numbers  of  figures  demonstrating 
the  effects  of  the  adjustment.  Log  sheets  wera  used  to  record  trim  setting  used 
for  various  engine  transients.  The  applicable  setting  values  are  listed  on  each 
figure. 

VARIABLE  CONTROL 


Several  features  and  loops  of  the  control  system  were  used  in  test  program  execution 
but  only  that  data  specifically  pertinent  to  program  objective  is  presented  in  this 
report. 


Speed  Control 

Speed  control  is  a  proportional  loop.  Tests  showed  that  adjustments  could  result  in 
stable,  underdamped,  or  oscillatory  conditions.  Actual  set  points  were  established 
as  discussed  in  the  following  paragraph. 

The  gain  of  the  speed  control  was  maintained  at  a  setting  of  one  volt.  At  this 
setting  one  percent  speed  error  causes  an  effective  fuel  change  of  ten  percent  and 
seven  percent  of  steady  state  fuel  at  100  percent  and  70  percent  speed,  respectively. 
This  gain,  Trim  6,  was  adjusted  to  five  volts  for  loop  checkout.  At  70  percent  the 
system  was  stable  to  the  five  volts,  and  at  100  percent  the  system  was  oscillatory 
above  a  setting  of  4. 5  volts.  Speed  over  shoots  were  greater  and  the  speed 
oscillated  for  a  couple  of  seconds  at  the  end  of  transients  with  gain  settings 
significantly  higher  than  the  one  volt  used. 
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ENGINE  TEST  LOG  SHEET 


TYPE  TEST 

DATE 

Start 

Variable 

Setting 

Name 

1  1  Applicable  Figures 

Trim  1 

2.  00 

idle  speed 

T"  19 

2 

3. 57 

Max.  speed 

3 

4.9 

Ratios  step 

18 

4 

4.9 

Ratios  ramp 

19 

5 

2.0 

Dec.  ratios 

18  24 

i 

6 

1.0 

Speed  Gain 

7 

4.9 

Temp.  Level 

8 

2.0 

Temp.  Gain 

9 

1.6 

Base  ratios 

10 

0 

A  P/P  Level 

22  30 

11 

2.0 

AP  Multiplier 

12 

0 

AP  ACC  gain 

• 

13 

2.0 

AP  Dec.  Multi. 

t 

14 

0 

AP  Dec.  grin 

' 

15 

0 

AP/P  gain 

22.  30 

16 

2.5 

Max.  ratios 

IB - 

17 

3.0 

Start  Level 

18 

2.0 

Start  slope 

la 

4.0 

AP/P  Dec.  Ref. 

24  26  32  ; 

2a 

1.60 

XI 

3a 

2.12 

NIT 

- - { 

4a 

2.47 

X2 

5a 

2.26 

N2T 

6a 

3. 73 

X3 

7a 

2. 52 

N3T 

.  /  T  • 

8a 

2.0 

Press,  gain 

9a 

3.5 

Press,  level 

10a 

*.0 

Ramp  Gain  Acc. 

'  20  26 

11a 

0 

Ramp  Ref.  AP/^ 

20  22  28 

12a 

.5 

Ratios  ramp  dec. 

18  24  26  27  \ 

13a 

2.5 

Ramp  gain  Dec. 

~  2l  31  * 

14a 

4.9 

Ramp  ref.  Dec. 

31  ! 

15a 

o 

AP/P  gain  Dec. 

24  26  32  ■  4 

rim  16a 
- - - - 

0 

t 

— _ 1, 

24 


31 

26 


Pressure  Control 


The  buvner  pressure  control  was  used  as  a  safety  control  loop.  During  start  the 
pressure  trim  9A  was  set  at  one  volt  equal  to  maximum  selected  value  of  forty 
psia,  After  the  start  the  setting  was  changed  to  2. 2  volts  which  is  a  setting  of 
88  ps'a.  In  the  control  program  the  pressure  is  compared  tc  a  set  maximum 
number  (300  equal  to  88  psia)  as  a  safety  loop.  This  protects  against  a  failure  which 
would  cause  high  voltage  in  the  sensor  circuit. 

With  the  start  pressure  controlling  at  a  proximately  78  percent  speed,  the  throttle 
was  advanced  to  maximum  speed  request.  The  pressure  level  request  was  than 
gradually  increased  allowing  control  at  various  speeds.  Hie  loop  was  enable  at 
the  2. 5  volts  gain  setting  (Trim  8A)  used  during  the  test3. 


During  altitude  tests  the  start  pressure  setting  was  set  at .  75  volt  equal  to 
37. 5  psia.  The  trim  was  left  at  this  value  for  some  of  altitude  transients  and  the 
traces  of  figures  28  and  30  shows  pressure  control  established  by  this  limit  above 
90  percent  speed. 


Temperature  Control 

The  temperature  was  being  recorded  on  the  strip  chart  and  the  temperature  control 
loop  was  checked  by  the  Pace  simulation.  Temperature  was  not  used  as  an  engine 
control  during  this  test  sequence.  The  AFAPjl,  has  a  temperature  control  test  sequence 
planned. 

Secondary  Pressure  Ratio  Control 

This  loop  was  included  in  the  program  to  obtain  parallel  information  on  the  A  P/P 
parameter.  The  control  was  used  with  the  Pace  simulation.  No  attempt  was  made 
to  control  the  engine  by  using  the  loop. 

GROUND  LEVEL  ACCELERATION  AND  DECELERATION  TESTS 
Ground  level  tests  to  demonstrate  operation  on  AP/P  parameter  consist  ot 


•  Establishing  schedule  bounds. 

•  Adjustments  for  accelerations  on  both  integral  and  proportional 
control  loops. 
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•  Adjustments  for  decelerations  on  both  integral  and  proportional 
control  loops. 

Operations  of  the  engine  during  the  tests  are  presented  by  Figures  19  through  27. 
Schedule  Bounds 


The  scheduled  parameter  is  ratios  (W«-/Pg).  The  effect  on  performance  of  the  ratios 
parameter  was  established  and  allows  bounds  to  be  set  on  maximum  and  minimum 
ratios.  These  bounds  may  be  retained  if  desired  when  investigating  any  other  loop 
and  will  act  as  an  engine  safety  control. 

Some  of  the  control  flexibilities  were  demonstrated  in  these  runs.  Ratios  may  be 
scheduled  by  RPM  for  either  acceleration  or  deceleration..  Also  it  is  possible  to 
set  an  increment  above  or  below  a  reference  (base  ratios)  value. 

The  system  also  includes  the  ability  to  control  the  rate  of  change  of  the  parameter 
(ramp  rate).  This  feature  is  used  to  control  the  initial  transition  from  a  steady 
state  point  to  transient  control,  thus  preventing  excessive  overshoots  when  establishing 
transient  control  of  the  system. 

Schedule  bounds  computations  are  shown  by  Figure  9.  Figure  18  illustrates  the 
effect  of  schedules  in  ratios  (Wj/p  and  the  effects  of  scheduled  ramps  or  integration 
rates  and  the  effects  of  steps  in  ratios  added  to  the  base  ratios.  Run  1  is  the 
acceleration  and  deceleration  at  the  normal  start  settings. 

For  Run2  the  maximum  ratios  were  increased  to  a  setting  of  3. 0  volts  and  the 
deceleration  ratios  were  increased  to  3. 5  volts.  At  these  settings  the  acceleration 
occurs  in  about .  8  second  and  the  deceleration  occurs  in  about  2, 1  seconds. 

Runs  3,  4  and  5  show  the  effect  of  steps  in  ratios  added  to  the  base  ratios.  These 
steps  are  parallel  effects  with  the  maximum  ratios.  For  the  setting  of  run  3,  the 
step  is  one  volt  and  the  acceleration  occurs  in  about  2  seconds. 

Runs  3,  4,  and  5  show  the  effect  of  integrating  the  ratios  ramp  setting  on  deceleration. 
For  run  5,  a  ramp  setting  of  1. 5  volts  is  used  and  the  deceleration  occurs  in  .  8  second. 
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Figure  18  —  Ratios  (Wf/P)  Bounds 
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Acceleration  Control  by  Integration 

Computations  for  acceleration  control  on  airflow  (AP/P)  are  shown  by  Figure  11. 
Acceleration  control  from  various  speed  points  and  the  effect  of  schedule  ramp  are 
shown  by  Figure  19.  Prior  to  these  runs,  the  gain  in  integration  of  ratios  with 
error  in  scheduled  A  P/P  was  varied  to  establish  a  desired  gain  setting.  Also  a 
low  scheduled  ramp  was  used.  Run  1  illustrates  the  low  gain  of .  5  volt.  The 
scheduled  ramp  trim  4  was  also  set  at .  5  volt  and  as  a  result  had  influence  at 
the  start  of  the  acceleration.  The  scheduled  ramp  was  increased  to  1  volt  for  run  2 
and  to  1. 5  volts  for  run  3.  The  scheduled  ramp  effect  was  thus  eliminated  as  an 
influence  on  the  acceleration. 

With  the  setting  of  run  3,  the  idle  trim  adjustment  was  varied  to  start  the 
accelerations  from  various  speed  points.  The  fuel  was  controlled  to  a  very  narrow 
band  during  this  demonstration. 

At  steady  state  idle,  the  AP/P  sensor  voltage  was  adjusted  to  about  4. 4  volts.  The 
ramp  of  fuel-pressure  ratios  depends  on  the  setting  of  the  desired  control  voltage. 
Figure  20  illustrates  the  effects  of  increasing  the  control  voltage  (Trim  11A)  nearer 
the  steady  state  value.  Run  1  is  a  repeat  of  run  3  from  Figure  19.  For  run  2,  the 
control  voltage  trim  11A  was  adjusted  to  2.0  volts.  Figure  21  is  a  time  trace  of 
these  runs  which  illustrate  the  initial  overshot  of  the  sensor  and  then  control  near 
the  set  value  for  the  remainer  of  the  transient. 

For  runs  4  and  5  the  control  setting  of  the  AP/P  sensor  is  nearer  the  steady -state 
value.  The  slower  acceleration  allowed  time  for  a  second  oscillatory  loop  during 
run  4.  For  run  5,  the  gain  was  doubled  allowing  twice  the  ramp  rate.  This  caused 
a  rather  violent  flow  oscillation  with  the  mean  near  that  required  to  obtain  the 
requested  AP/P  sensor  output.  It  is  evident  from  these  traces  when  considered 
with  the  runs  of  1,  2  and  3  of  Figure  19  that  the  computations  as  defined  with  control 
over  the  initial  rate  of  fuel  increase  is  necessary  to  prevent  a  large  initial  overshoot. 

ACCELERATION  CONTROL  BY  PROPORTIONAL  ACTION 

Control  computations  for  airflow  (AP/P)  proportional  control  are  illustrated  by 
Figure  11.  For  this  control  a  value  of  AP/P  is  set  so  that  the  sensor  voltage  moves 
from  steady  state  past  the  set  voltage  and  the  difference  causes  a  reduction  in  the 
maximum  ratios  schedule  by  the  adder  and  select  low  loop. 
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Instability  of  Acceleration  Control  by  Integration 
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Figure  22  illustrates  control  on  the  proportional  control.  Run  1  is  identical  to 
run  1  of  Figure  20  which  is  controlled  on  the  integration  system.  Trims  10  and  15 
were  set  to  make  the  proportional  control  effective.  This  caused  a  lower  fuel 
flow  around  72%  speed  but  then  increased  above  the  flow  of  run  1.  For  run  3  the 
integration  control  was  reference  set  lov/er  to  increase  the  integration  rate.  The 
loop  was  then  slightly  oscillatory.  For  run  4  the  proportional  control  reference 
was  set  at  2. 5  which  is  nearer  the  steady  state  value.  This  caused  greater 
oscillation  than  run  3  primarily  due  to  the  initial  overshoot  of  the  set  point. 

The  gain  setting  for  run  5  was  changed  to  1. 0  volt,  TVis  caused  the  trace  to  be 
higher  than  the  other  traces  after  an  initial  low  value.  '  >e  setting  for  run  5  was 
used  for  the  three  runs  of  Figure  23. 

Figure  23  illustrates  control  from  three  speed  points.  The  spread  obtained  in  the 
three  lines  is  due  to  a  combination  of  effects.  For  stable  control  the  gain  was 
low.  The  initial,  scheduled  step  and  ramp  to  prevent  large  overshoots  is  more 
effective  at  the  higher  speeds  where  the  acceleration  time  is  short.  The  rate 
of  the  fuel  valve  also  appears  to  have  some  effect  during  rapid  accelerations. 


Deceleration  by 


srtional  Control 


Control  computations  for  deceleration  control  on  the  airflow  parameter  are  illus¬ 
trated  by  Figure  12.  It  is  observed  that  deceleration  control  is  restricted  to  a  ratios 
band  of  350  counts.  Figure  24  runs  1  and  2  illustrate  the  band  of  operation. 


For  run  3,  the  proportional  loop  was  made  effective  by  change  of  the  gain  from  zero 
to  2. 5  volts.  At  this  setting  the  loop  was  very  oscillatory  so  the  gain  was  changed 
to  1. 0  vole.  At  this  setting,  the  trace  was  less  oscillatory  and  the  fuel  level  was 
somewhat  lower.  For  run  5  the  reference  level  was  changed  to  3  volts  from  4  volts. 
This  was  a  setting  to  require  a  higher  flow  during  the  deceleration.  The  deceleration 
ratios  setting  was  than  changed  from  2. 5  to  4. 9  which  is  a  setting  of  higher  fuel 
flow  during  the  deceleration. 


Time  traces  of  runs  1  and  2  of  Figure  24  are  shown  by  Figure  25.  The  A  P/P  sensor 
was  readjusted  until  the  output  was  against  the  stop  during  steady  state.  During 
trace  1,  the  deceleration  flow  was  high,  and  the  AP/P  sensor  output  moved  from 
+1. 4  to  -1. 4  volts.  During  trace  2,  the  decleration  flow  was  low,  and  the  sensor 
output  moved  to  the  stop  at  -4. 9  volts.  The  other  traces  of  Figure  25  show  the 
transients  from  various  speed  points. 


Acceleration  by  Proportional  Control 
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Acceleration  by  Proportional  Control 


Deceleration  by  Proportional  Control 


Figure  25  —  Time  Traces  of  Proportional  Deceleration  Control 


Figure  26  illustrates,  proportional  control  trim  effects  and  the  traces  obtained  from 
several  speed  points.  For  run  1  the  deceleration  scheduled  ramp  trim  12A  was  set 
at  4. 9  volts.  This  caused  a  most  rapid  decrease  in  fuel  at  the  start  of  the  deceleration, 
an  undershoot  in  flow  and  then  control.  For  run  2,  the  ramp  was  set  to  .  5  volt  and 
the  initial  decrease  in  fuel  was  much  less  and  control  smoothly  started  to  act.  For 
run  3,  the  ramp  was  changed  to  1. 0  volt,  and  the  gain  trim  15A  was  changed  to  .  5 
volt  from  1. 0.  Then  for  run  4  the  AP/P  deceleration  reference  was  changed  from 
3. 0  volts  of  the  previous  runs  to  2  volts. 

Traces  3  and  4  of  Figure  25  shows  the  effect  of  setting  the  control  level  from  3. 0 
volts  to  2. 0  volts.  The  change  is  not  great  in  fuel  flow,  but  the  oscillation  of  the 
sensor  output  at  approximately  nine  cycles  per  second  is  much  more  violent.  The 
traces  5  and  6  shows  deceleration  from  90  and  84. 5  percent  speed.  The  deceleration 
band  is  fairly  narrow  and  the  fuel  oscillations  are  at  a  tolerable  level. 

Deceleration  Ratios  Ramp  Control 

Figure  12  includes  the  computation  for  the  deceleration  ramp  control.  Three 
trims  are  used  for  this  control  loop:  a  scheduled  ramp  trim  12A,  the  closed  loop 
ramp  gain  trim  13A  and  the  closed  loop  ramp  level  trim  14A. 

Figure  27  illustrates  the  deceleration  control  by  integration.  The  frequency  of 
oscillation  during  these  decelerations  was  near  2. 25  cycles  per  second.  The  schedule 
ramp  trim  12A  was  changed  from  .  5  to  .  75  to  1. 0  volt  for  runs  1 ,  2  and  3.  The 
setting  of  1. 0  appeared  to  allow  most  effective  control  on  the  closed  loop.  Decelerations 
were  then  made  from  four  other  speed  points. 

ALTITUDE  TESTS 

The  engine  was  run  at  the  equivalent  pressure  of  20, 000  ft  altitude.  Figures  28 
through  32  show  the  results  of  these  tests.  Output  of  the  sensor  changed  more  with 
speed  at  altitude  than  at  ground  level  conditions.  The  sensor,  however,  could  be 
adjusted  to  provide  a  band  of  control  for  acceleration  and  then  readjusted  to  obtain 
a  band  of  control  for  decelera  tion.  The  longer  time  of  the  transients  resulted  in 
more  obvious  control  at  the  set  point  of  the  parameter. 

Altitude  Acceleration  Control  by  Integration 

Figures  28  and  29  illustrate  the  accelerations  and  the  effects  of  trims  for  integration 
control.  The  scheduled  step  and  ramp  were  set  at .  75  and  .  5  volt  respectively.  This 
step  setting  causes  the  undershoot  in  speed  during  the  decelerations.  The  small 
step  is  near  the  required  to  run. 
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Figure  27  —  Deceleration  Control  by  Integration 
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At  the  low  burner  pressure  of  the  deceleration,  the  fuel  flow  remains  low  until 
the  ramp  becomes  effective  at  about  4  percent  underspeed. 

Runs  of  the  lower  group  of  traces  of  Figure  28  were  used  to  establish  the  setting  for 
the  upper  group.  For  run  1,  the  ramp  control  reference  was  set  at  zero.  The 
sensor  output  reached  this  level  and  then  decreased  as  the  engine  accelerated  on 
the  maximum  scheduled  ratios.  The  flat  near  the  end  of  the  acceleration  is  caused 
by  the  burner  pressure  control.  The  burner  pressure  was  set  at .  75  volts  equal 
to  37. 5  psia  for  some  safety  during  engine  starting.  The  setting  was  left  there. 

When  the  37. 5  psia  pressure  was  reached,  the  burner  pressure  control  maintained 
the  pressure  and  since  the  acceleration  was  at  maximum  ratios  (a  constant),  the 
fuel  flow  remained  constant. 

For  the  other  transients,  the  control  sensor  request  was  changed  to  -1. 5  volts. 
Operation  was  then  around  that  value  of  the  sensor  output.  With  the  higher  gains 
of  trim  10A,  the  control  was  much  more  oscillatory  than  at  the  0. 5  volt  value  used 
for  the  accelerations  from  the  three  different  speed  points.  The  initial  overshoot 
in  fuel  was  much  greater  at  altitude  condition  than  at  the  ground  level  condition 
shown  by  figure  19.  The  rata  of  the  fiiel  valve  has  some  effect  at  ground  level, 
but  since  the  total  travel  required  at  altitude  is  much  less,  the  value  rate  is  not 
an  effect  at  altitude. 

Altitude  Acceleration  by  Proportional  Control 

Accelerations  by  proportional  control  are  shown  by  Figure  30.  For  runs  1  and  2, 
there  was  very  little  control  because  of  the  level  of  control  set  by  trim  10.  For 
run  3,  there  was  very  little  control  because  of  the  low  gains.  When  the  gain  trim  15 
was  increased  to  two  volts  and  three  volts  for  runs  4  and  5,  the  gain  was  high  enough 
for  control. 

Run  6  of  Figure  2S  illustrates  toe  change  in  the  sensor  output  (3  volts)  between  77 
percent  speed  and  95  percent.  Also  run  1  illustrates  the  acceleration  characteristics 
in  the  higher  speed  range  with  the  sensor  output  only  slightly  greater  than  steady  state 
at  the  95  percent  speed  point.  Only  nm  5  of  Figure  30,  the  high  gain  setting  of 
trim  15  cn  the  control,  had  an  effect  in  the  high  speed  range.  Control  was  obtained 
by  run  4  in  the  lower  speed  range.  When  the  level  of  control  trim  10  was  changed 
to  a  higher  voltage  magnitude,  the  control  setting  was  within  the  range  of  steady 
state  values  and  would  prevent  acceleration  to  maximum  power. 
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Figure  30  —  Altitude  Acceleration  by  Proportional  Control 


Altitude  Deceleration  Control  by  Integration 

Deceleration  control  by  integration  is  shown  by  Figure  31.  For  these  rims  the 
deceleration  control  level  trim  14A  was  varied  to  show  the  effect  of  the  control. 
Control  is  similar  to  the  control  at  ground  level  Figure  27.  The  sensor  is  less 
responsive  at  the  low  pressure  levels  associated  with  the  altitude  deceleration 
transient.  Control  action  behavior  reflects  the  increased  time  constant  of  the 
sensor. 

Altitude  Deceleration  by  Proportional  Control 

Deceleration  by  proportional  conti  ^  *  is  illustrated  by  Figure  32.  These  decelera¬ 
tion  transients  are  similar  to  those  of  Figure  31.  Control  action  is  similar  to 
the  ground  level  transients  of  Figure  24.  Control  response  is  limited  by  the  slow 
response  of  die  pressure  ratio  sensor.  Further  the  control  action  reflects  the 
change  of  sensor  output  with  speed  which  occurs  at  altitude. 

STALL  TESTS 

The  engine  was  stalled  by  closing  the  bleeds  while  the  control  was  maintaining  a 
constant  speed.  Three  stalls  are  presented  by  Figure  33. 

For  stall  number  one  the  fuel  was  being  oscillated  at  one  cycle  per  second  with  an 
amplitude  of  ±60  pph.  The  bleeds  were  being  slowly  closed  from  the  open  position 
of  about  1. 6  volts  toward  the  closed  position  of  about  4. 16  volts.  The  stall  is 
evident  by  an  abrupt  decrease  in  burner  pressure.  There  was  also  a  rapid  rise 
in  the  tailpipe  temperature  indication.  This  indication  is  monitored  by  the  engine 
operator.  When  stall  occurred,  the  pressure  ratio  output  moved  in  the  direction 
to  indicate  a  decelerating  condition  associated  with  a  fuel  reduction.  Fuel  decreased 
very  little  during  the  transient.  The  fuel  was  at  a  value  to  maintain  the  speed  before 
the  stall.  When  stall  occurred,  the  pressure  decreased  and  simultaneously  the 
decrease  in  speed  caused  the  request  fuel -pressure  ratios  to  increase  to  the  maximum 
set  value. 

Spe  id  decreased  to  about  55  percent  before  recovery.  The  transient  in  pressure  ratio 
sensor  output  from  near  -5  volts  to  +1  volt  is  due  both  to  the  acceleration  fuel  flow 
and  to  the  decrease  in  airflow  with  lower  rotor  speed.  Behavior  of  the  sensor  as 
the  rotor  increased  back  to  speed  is  a  normal  transient  during  all  engine  start  ups. 

Change  in  engine  variables  between  the  conditions  which  cause  stall  and  normal 
steady  state  conditions  is  evident  between  stalls  1  and  2.  The  pressure  ratio  sensor 
output  indicated  greater  airflow  before  stall  than  the  normal  steady  state  airflow. 
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Figure  32  —  Altitude  Deceleration  by  Proportional  Control 


Recovery  from  stall  during  the  second  transient  was  different  from  the  first  because 
of  the  bleed  control  movement.  The  bleeds  were  manually  moved  toward  the  closed 
position  and  after  stall  in  the  first  case  the  bleed  control  was  switched  back  to 
computer  control.  After  the  second  stall,  tb‘  bleeds  were  manually  opened  part 
way  and  then  switched. 

Hie  third  stall  was  from  75%  speed.  Fuel  flow  decreased  after  the  stall  in  this 
case  because  the  fuel  was  higher  before  stall  but  the  pressure  decreased  to  about 
the  same  level  during  the  transient. 


SECTION  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


A  jet  engine  parameter  for  closed  loop  control  of  the  engine  transients  was  investi¬ 
gated  and  tested  in  the  program  being  reported.  The  parameter  investigated  was 
based  on  the  concepts  of  airflow  corrected  to  compressor  discharge  conditions. 

The  parameter  used  to  infer  airflow  was  a  combination  of  pressures  sensed 
between  the  last  rotor  and  the  burner  and  is  designated  AP/P  throughout  this  report. 
The  AP/P  parameter  was  sensed  with  a  fluidic  device.  Wall  static  pressure  between 
the  compressor  and  burner  was  used  for  high  pressure.  The  pressure  sensed  by 
static  probe  located  in  the  last  stator  row  was  used  for  low  pressure. 

A  special  control  system  was  defined,  assembled,  and  used  to  evaluate  engine 
performance  with  closed  loop  accelerations  and  decelerations  on  the  AP/P  parameter. 
The  special  control  system  was  conceived  and  implemented  with  an  EEM  1800  digital 
computer  used  for  control  computations.  A  hydromechanical  fuel  valve,  sensors, 
and  an  interface/adjustment  electronic  package  used  in  conjunction  with  the  digital 
computer  completed  the  special  control  system. 

Analysis  of  the  J85  engine  indicated,  and  test  confirmed,  that  the  AP/P  parameter 
can  be  used  for  closed  loop  engine  fuel  control  during  transients.  The  analysis  of 
other  engine  compressor  maps  indicate  that,  in  general,  the  AP/P  reference  value 
would  have  to  be  shaped  as  a  function  of  corrected  speed  for  application  to  a  control 
system  closed  loop.  To  define  a  control  using  AP/P  as  the  acceleration  parameter, 
the  engine  involved  would  have  to  be  tested  to  determine  sensor  probe  location  and 
AP/P  characteristics  during  an  acceleration. 

This  test  program  included  altitude  testing  of  the  AP/P  parameter.  Test  showed 
a  difference  in  the  parameter  value  at  altitude  relative  to  sea  level  tests.  It 
would  be  necessary  to  establish  a  sensor  probe  location  that  minimizes  or  eliminates 
this  altitude  effect  prior  to  an  application  of  AP/P  in  a  control  system. 
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CONCLUSIONS 


•  The  compressor  map  for  the  J85  indicated  AP/P  would  be  constant 
during  acceleration  from  60  percent  to  100  percent  engine  rpm.  At 
less  than  60  percent  engine  rpm  the  parameter  at  the  stall  line 
decreased  rapidly.  The  test  range  for  closed  loop  control  was  limited 
to  the  idle  to  maximum  engine  rpm  operating  range  and  special 
scheduling  was  used  for  the  engine  start  to  idle  transient. 

During  decelerations,  the  corrected  air  flow  increase  from  steady- 
state  values,  and  since  the  steady -state  value  is  nearly  constant,  a 
constant  value  was  used  to  demonstrate  deceleration  control  on  the 
parameter. 

•  A  more  responsive  pressure  ratio  sensor  was  obtained  by  modifying 
the  sensor  used  during  the  tests  of  Reference  1.  Sensor  integration 
rate  was  increased  from  0. 5  to  1  inch/second  over  the  test  pressure 
levels  to  2  to  3  inches/second.  The  sensor  thus  followed  the  fuel 
transients  with  a  small  lag  of  about  0. 02  second. 

•  Transif  .it  control  on  the  parameter  could  be  accomplished  at  simulated 
altitude  (20, 000  ft)  as  well  as  at  ground  level.  There  was  a  greater 
steady  state  variation  in  the  parameter  at  altitude  than  at  ground  level. 
Demonstration  of  control  was  accomplished  by  adjustment  of  the  sensor 
for  accelerations  and  readjustment  for  decelerations. 

•  Stalls  were  obtained  by  closing  the  bleeds  and  opening  the  guide  vanes 
by  the  interconnected  linkage  at  70  and  75  percent  speed.  No  change 

in  the  AP/P  parameter  and  no  charge  in  the  noise  on  the  burner  pressure 
as  observed  on  an  oscilloscope  was  detected  before  stall.  During  the 
stall  output  of  the  sensor  indicated  a  higher  airflow,  a  condition  farther 
from  stall,  and  the  scope  pressure  signal  became  noisy. 

•  Repeatability  and  predictability  of  the  control  system  assembled  was 
excellent.  The  system  can  readily  be  adapted  to  various  tests  with 
assurance  that  the  control  interface  and  computer  program  will  perform. 

•  In  addition  to  demonstrating  the  AP'/P  loop,  control  functions  normally 
associated  with  a  fuel  control  system  were  demonstrated.  Also  the 
flexibility  of  the  electronic  package  and  the  IBM  1800  Computer  to  vary 
schedules  easily  and  rapidly  was  demonstrated. 
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Factors  demonstrated  included: 


•  Starting  control 

9  Acceleration  scheduling 

•  Accelerations  were  scheduled  on  a  three  (3)  segmented 
<Wf/P3)  fuel  pressure  ratios  curve  with  AP/P  loop  set  so 
as  not  to  be  a  control. 

9  Deceleration  scheduling 

•  Speed  governing 

9  Burner  pressure  control 

•  Rapid  and  simple  adjustments  on: 

•  Acceleration  schedule 

•  Deceleration  schedule 

•  Governor  set  point  relative  to  throttle  angle  position 

•  Governor  gain 

9  Start  schedule 

RECOMMENDATIONS 

9  Test  data  should  be  obtained  in  other  engines  for  the  purpose  of 
evaViating  the  applicability  of  the  AP/P  parameter  for  acceleration 
control  on  a  broader  basis  than  can  realistically  be  defined  by  tests 
on  a  single  J85-7  engine. 

9  Isolate  actuation  of  the  vanes  and  the  bleeds  of  the  J85-7  engine  to 
isolate  the  effects  on  stall  conditions.  Further,  the  two  sets  of  bleeds 
could  be  isolated  to  obtain  unbalanced  flow  conditions. 

9  Distort  inlet  to  compressor  to  determine  flow  characteristics  at  the 
compressor  discharge  due  to  inlet  flow  distortion. 
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till 


•  Instrument  compressor  immediately  before  the  bleeds  as  well  as  at 
the  rear  of  the  compressor  with  multiple  sensing  devices  to  ascertain 
effects  of  guide  vanes,  bleeds  and  distortion. 

•  Conduct  more  tests  into  stall  at  any  time  an  engine  is  available  and  engine 
failures  will  not  jeopardize  other  test  programs.  Stall  characteristics 

of  the  J85-?  engine  which  was  designed  for  high  altitude  operation  are 
probably  not  representative  of  most  engines.  Tests  into  stall  of  the 
J85  at  higher  speeds  and  probably  at  altitude  conditions  are  desired. 

Data  of  stall  characteristics  of  other  engines  should  be  obtained. 
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SYSTEM  CONCEPTS 

The  Bendix  Model  EK15  Electronic  Package  is  incorporated  in  a  19"  x  20"  x  62" 
rack.  Bendix  Model  EK24  Electronic  Package  is  included  in  the  rack.  Figures  4 
and  5  show  the  front  and  rear  views  of  the  package.  Rack  features  from  bottom 
to  top  are: 

•  Two  8. 75"  storage  drawers 

•  Power  supplies  for  ±5,  ±15,  and  0-34  VDC, 

•  A  convenience  shelf, 

•  An  8. 75  spare  space. 


•  The  EKL5  circuit  assemblies,  and 

•  The  EKL4  package. 

The  package  is  connected  into  the  control  system  by  cables  through  the  connectors 
shown  by  Figure  5. 

System  Assemblies  and  Components 


The  system  is  designed  to  control  fuel  to  a  G.  E.  J85-7  engine  and  tc  control  com¬ 
pressor  bleeds  and  guide  vanes  on  the  engine.  Computations  required  are  accomplished 
by  the  AFAPL  DBM  1800  digital  computer.  Senses  of  engine  variables  are  obtained 
by: 

•  A  pressure  ratio  sensor  (Bendix  Model  PRA-A1), 


•  Two  CEC  4-326-0001  pressure  transducers, 


•  A  CEC  4-312-0002  pressure  transducer, 

•  A  parts  list  electromagnetic  pulse  generator,  and 

•  A  compressor  bleed  valve  position  potentiometer. 

Fuel  control  is  accomplished  by  positioning  the  metering  valve  of  the  Bendix  EH-G1 
fuel  control  flow  section.  Bleeds  are  controlled  by  a  servo  valve  control  of  fuel 
flow  to  the  bleed  actuators.  Fuel  supply  is  obtained  from  the  parts  list  fuel  pump. 

The  AFAPL  Pace  Analog  Computer  Model  TR48  is  used  for  system  checkout.  An 
engine  simulation  is  programmed  and  the  computer  provides  signals  as  would  exist 
from  the  engine  through  the  interface  signal  conditioning  circuits.  The  Pace 
computer  signals  are  input  to  the  signal  isolation  amplifiers.  The  simulated  speed 
is  conditioned  by  a  voltage -frequency  converter  and  input  through  the  normal 
frequency  to  digital  word  circuit. 

System  components  can  remain  connected  while  the  simulation  checkout  is  being 
performed.  Further,  the  fuel  control  and  bleed  control  can  be  operated  by  an 
auxiliary  fuel  supply  during  the  checkout.  The  Pace  computer  input  cable  must  be 
disconnected  for  engine  running. 

Package  Inputs  and  Outputs 

Figure  6  is  a  block  diagram  illustrating  the  inputs  to  and  the  outputs  from  the 
interface.  Signal  conditioning  from  input  to  output  is  accomplished  by  the  various 
package  circuits.  A  voltmeter,  shown  by  Figure  4  is  included  in  the  package 
for  monitoring  the  various  adjustments  and  signals.  Significant  features  include: 

•  Adjustments  to  the  IBM  1800  computer  program  by 
voltage  settings  of  potentiometers. 

•  Speed  or  frequency  converters  to  provide  digital 
numbers  proportional  to  the  reciprocal  of  frequency 
and  voltages  proportional  to  frequency. 

•  Five  strain  gage  type  pressure  transducer  circuits. 

•  Five  position  control  circuits  through  torque  motor 
driver  amplifiers.  These  include  the  fuel  valve 
control  and  the  compressor  bleed  control. 
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•  One  pressure  ratio  sensor  circuit. 

•  Provisions  for  computer  program  checkout  by  use  of 
the  Pace  Analog  computer. 

•  Three  instrumentation  strips  for  use  at  recorders.  These 
strips  contain  provisions  for  three  signal  inputs  to  the 
computer. 

9  Power  supplies. 

•  Dynamic  inputs  (an  oscillator  input)  to  the  fuel  valve 
and  bleed  control  circuits  and  a  step  to  the  bleed 
control  circuits. 

Cabling 

The  system  requires  a  115  volts  60  cps  input  line  to  the  EK15  power  supply.  This 
line  is  unfused  to  an  output  to  the  EK14  assembly  and  to  three  utility  receptacles 
for  auxiliary  test  components  such  as  meters  and  oscillators.  The  line  is  fused 
to  the  D.  C.  voltage  power  supplies  which  consist  of  ±5,  ±15  and  a  variable  0  to 
34  VDC.  The  several  cables  used  with  the  system  are  listed  here: 

•  Interrack 

•  AC  power  to  EK14 

•  ±15  VDC  to  EKL4 

•  ±15  and  ±5  (one  cable)  to  EK15  card  chassis 

•  Voltmeter  connection 

•  Engine 

•  One  multiple  cable  between  the  EK14  chassis  and  the  fuel 
control,  pressure  ratio  sensor,  pressure  sensor,  and  pulse 
pickup 

•  Two  cables  between  the  EK15  card  chassis  and  a  burner  pressure 
sensor  and  a  differential  pressure  sensor 


•  One  multiple  cable  between  the  EK15  chassis  and  the  bleed 
control  servo  and  the  bleed  position  transducer. 

•  One  coaxial  cable,  the  use  of  which  is  not  defined 

•  Instrumentation 

One  strip  to  the  EK14  and  two  strips  to  the  EK15  card  chassis 

•  Trim  Signals 

Two  fanning  strips  attached  to  one  connector  at  the  EKX4  chassis 
and  two  fanning  strips  attached  to  two  connectors  at  the  EK15 
card  chassis. 

Instrumentation  inputs  are  included  in  trim  Cable  #2. 

•  Digital  Words 

One  word  for  engine  speed  from  the  EK14  chassis  and  two 
words  from  the  EK15  card  chassis 

•  Variable  Signals 

Four  signals  from  the  EK14  chassis  through  the  same  connector 
as  the  trims  and  eight  signals  from  the  EK15  chassis 

•  Pace  Computer 

One  cable  to  the  EK15  card  chassis  with  a  jumper  cable  to  the 
EK14  chassis. 

•  Voltage  to  Frequency  Converter 

One  cable  from  the  EK15  card  chassis  to  a  converter  which 
has  a  frequency  input  cable  for  attachment  to  the  various 
frequency  inputs 

•  Oscillator  Input 

One  cable  for  fuel  valve  oscillator  input  to  the  EKL4  fuel  control 
circuit  and  one  cable  to  the  EKL5  position  control  circuits. 


Chassis  Features 


Figure  34  shows  the  EK14  chassis  arrangement.  Position  of  the  various  circuit  cards 
are  shown.  Figure  35  shows  the  EK15  card  chassis.  Details  of  the  cards  are  dis¬ 
cussed  in  sections  describing  the  circuits. 

The  EK14  chassis  contains  a  digital  voltmeter  which  is  used  for  monitoring  signals 
from  both  chassis.  Adjustment  values  are  read  by  the  voltmeter  by  placing 
selection  switches  in  appropriate  positions.  Voltmeter  attachment  sockets  on  the 
EK15  are  shown. 

Circuit  selection  switches  are  shown  by  Figure  35 .  These  fourteen  switches  are 
incorporated  to  provide  some  flexibility.  Switches  1,2,  and  3  have  no  attachments. 
Switches  4,  5,  6  and  7  are  used  to  select  inputs  to  the  four  position  control  circuits. 

A  step  in  position  request  can  be  made  by  setting  the  step  size  by  potentiometer 
adjustment  16  and  switching  8  on  and  off.  Oscillator  input  to  the  position  circuits 
is  accomplished  through  the  banana  plug  sockets  noted.  Switches  9  and  10  are  used 
to  switch  trims  10  through  15  from  the  trim  input  fanning  strip  to  unused  pressure 
and  position  circuits  for  direct  input  to  the  computer  terminal. 

Switches  11  and  12  are  used  to  switch  the  two  DAC  signals  to  various  position  circuits 
as  noted.  Switch  12  is  set  to  the  off  position. 

Switches  13  and  14  are  used  to  change  the  effective  voltage  range  of  the  adjustment 
potentiometers  from  -5  VDC  to  zero  to  -5  VDC  to  +5  VDC.  The  switches  are  set 
to  the  zero  (common)  position. 
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IBM  1800  PROGRAM  ADJUSTMENTS 

Thirty-four  (34)  ten-turn  potentiometer  adjustments  are  included  for  ease  of 
changing  the  constants  of  the  computer  program.  Eighteen  of  these  adjustments 
were  included  in  EK-14.  These  adjustments  have  limited  voltage  range.  Sixteen 
adjustments  are  included  in  EKL5  card  chassis.  Nine  of  these  adjustments  are 
full  range  voltage  including  a  selection  between  -5  VDC  to  +5  VDC  or  to  common. 

The  primary  purpose  of  these  adjustments  is  for  schedules  of  engine  geometry 
control.  The  change  from  positive  to  negative  voltage  is  for  change  of  slope  through 
zero  if  required  in  the  schedules.  The  other  seven  adjustments  include  the  same 
voltage  range  as  above  but  in  audition  have  attenuation  possibilities  for  low  voltage 
input.  Further,  these  adjustments  *re  wired  through  switches  tor  other  circuit 
uses  or  computer  input  through  murs^d  pressure  or  position  circuits  as  may  be 
desired  for  program  additions. 

Each  adjustment  output  .t  through  a  Texas  Instrument  SN72741P  operational 
amplifier.  The  trim  circ'Ut*  are  illustrated  by  Figure  36 .  The  circuit  selector 
switches  are  located  under  '■  front  edge  of  the  Cambion  card  file. 

Figure  37  is  a  photograph  of  the  trjm  input  fanning  strips  for  mounting  to  the 
computer  terminal.  Trim  number  and  name  used  iu  the  IBM  1800  computer  program 
are  shown  on  the  photograph.  The  trims  from  EK14  are  from  one  connector  on  the 
package,  while  two  connectorb  are  used  for  the  SKI 5  trims.  Undefined  signals 
which  might  be  useful  in  engine  operation  can  be  input  to  the  computer  through  the 
two  instrumentation  inputs. 

Figure  38  is  a  photograph  of  fee  EK14  Cambion  card  containing  the  isolation 
amplifiers  for  fee  trim  circuits.  Isolation  amplifiers  for  analog  signals  are  also 
included  on  fee  card.  Iq  addition  circuits  for  pace  computer  inputs  are  provided 
as  noted  by  card  inputs  of  Figure  38. 

Figure  39  is  a  photograph  of  fee  EK15  trim  isolation  amplifier  card.  This  card 
also  includes  two  isolation  amplifiers  tor  instrumentation  strip  signals.  Also  an 
isolation  amplifier  is  incorporated  for  use  of  the  Dac  #2  variable  at  the  instrumen¬ 
tation  strip.  Inputs  of  T*^ms  10  through  16  can  be  through  resistors  to  obtain  low 
voltage  outputs.  These  resistors  are  mounted  on  a  socket  strip  and  can  be  included 
in  fee  circuit  by  replacing  the  wire  on  a  strip  used  to  obtain  high  voltage  output. 
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Figure  37  —  Photograph  of  Trim  Fanning  Strips 
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Figure  38  --  EK14  Isolation  Amplifier  Card 
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ENGINE  CONTROL  VARIABLES 

Variable  inputs  to  the  IBM  1800  Computer  terminal  consist  of: 


NAME 

SYMBOL 

COMPUTER  NAME 

1.  Power  lever 

PLA 

JPLA 

2.  Fuel  valve  position  (instrumentation) 

Wf 

Not  assigned 

3.  Burner  pressure 

P3 

JPB 

4.  Burner  pressure 

PB 

RPB 

5.  Differential  pressure 

AP 

D? 

6.  Pressure  ratio 

AP/P 

BJDP 

7.  Pressure  circuit 

P3 

Not  assigned 

8.  Pressure  circuit 

P4 

Not  assigned 

9.  Bleed  valve  position 

POS1 

Not  programmed 

10.  Position  circuit 

POS  2 

Not  assigned 

11.  Position  circuit 

POS  3 

Not  assigned 

12.  Position  circuit 

POS  4 

Not  assigned 

13.  EK14  instrumentation  strip,  T 

T4 

JT4 

14.  EK15  instrumentation  strip  #1 

INST  1 

Not  assigned 

15,  EK15  instrumentation  strip  #2 

INST  2 

Not  assigned 

The  circuits  P3,  P4,  POS  3,  and  POS  4  contain  inputs  from  EK15  Trims  10,  11, 
14,  15  respectively  and  may  be  used  with  those  trims  for  program  adjustment  if 
needed.  EK 15  instrumentation  strip  inputs  are  included  on  trim  cable  #2. 

Figure  40  shows  the  fanning  strip  arrangement  for  control  signals.  Also  the 
inputs  for  the  three  computer  digital -ana  log  converter  outputs  (DACO,  DAC1,  and 
DAC2)  are  shown.  These  outputs  are  JWF,  fuel  valve  position  request,  used  for 
the  variable  equal  to  differential  pressure  (AP)  divided  by  burner  pressure  PB. 
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Figure  40  —  Engine  Control  Variable  Fanning  Strip 


The  EK14  variable  cable  is  included  in  a  bundle  along  with  the  EK14  trim  circuits. 
The  isolation  amplifiers  for  these  signals  are  shown  by  Figure  78  .  The  EK15 
variable  is  from  a  connector  separate  from  the  EK15  trims. 

The  control  system  variables  are  obtained  through  engine  mounted  components 
including: 

•  One  fuel  control  valve  assembly.  Model  EH-G1  with  power 
lever  potentiometer  and  cutoff  valve; 

•  One  pressure  ratio  sensor,  Model  PRA-A1; 

Two  pressure  sensors,  CEC  4-326-0001; 

•  One,  pressure  sensor,  CEC -4-312-0002; 

®  One,  electromagnetic  pulse  generator  for  speed  pickup 
(engine  parts  list); 

•  One,  bleed  position  control  servo  valve  (Moog  Series  73),  and 

•  One,  bleed  position  feedback  potentiometer  Bourns  2001782009. 

Connections  to  these  components  are  through  cables  listed  on  page  91. 

The  various  conditioning  circuits  are  contained  on  two  printed  circuit  boards  in 
the  EKL4  chassis  and  two  Cambion  wire  wrap  cards  in  the  EKL5  chassis. 

Figure  41  through  43  illustrate  the  EK14  circuits.  Figure  41  is  the  wiring  schematic 
of  the  A  P/P  sensor  demodulator  and  Figure  42  is  a  photograph  of  the  demodulator 
printed  circuit  card.  Figure  43  is  a  wiring  schematic  of  the  miscellaneous  card 
including  the  burner  pressure  sensor,  the  fuel  control  valve  driver  amplifier  and 
an  analog  speed  frequency  to  voltage  converter.  Figure  44  is  a  photograph  of  the 
miscellaneous  printed  circuit  card. 

Figure  45  is  a  schematic  of  the  pressure  sensing  circuits  of  the  EK15  card  chassis. 
The  outputs  from  each  of  the  four  pressure  circuits  is  through  isolation  amplifiers  to 
both  the  instrumentation  strip  and  to  the  computer  terminal.  Each  output  can  be 
selected  by  the  ,JB"  switch  to  monitor  the  output  on  the  package  voltmeter.  Circuits 
1  and  2  contain  provisions  for  input  from  the  Pace  checkout  computer.  Since  circuits 
3  and  4  are  not  used  in  the  initial  programming,  provisions  are  incorporated  to  use 
trims  10  and  11  through  these  inputs  to  the  computer  program. 
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Figure  41  Pressure  Ratio  Sensor  Demodulator 
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Figure  42  —  Demodulator  Printed  Circuit  Card 
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Figure  44  —  Miscellaneous  Printed  Circuit  Card 


TRIM  II 


Schematic  of  Pressure  Sensing  Circuits 
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Figure  46  —  Pressure  Circuit  Card 


Figure  46  is  a  photograph  of  the  pressure  circuit  card.  The  switches  on  the  card 
are  used  to  seleet  output  filtering  capacitors. 

Figure  47  is  a  schematic  of  the  position  control  circuits  of  the  EK15  card  chassis. 
Each  of  the  four  circuit  outputs  to  the  computer  terminal  and  to  the  instrumentation 
strip  is  through  isolation  amplifiers.  The  two  DAC  signals  from  the  computer  can 
be  used  for  position  request  inputs  as  shown.  Since  circuits  3  and  4  are  not  used 
for  this  program,  provisions  to  use  Trims  14  and  IS  through  the  circuits  are 
incorporated.  Each  circuit  contains  a  switch  on  the  card  for  either  manual  or  DAC 
input.  Each  circuit  has  provisions  for  dynamic  input  either  by  step  using  Trim  16 
or  by  an  oscillator  input.  The  potentiometers  for  gain  adjustment  and  manual 
position  request  are  located  on  the  front  of  the  chassis.  Figure  48  is  a  photograph 
of  the  position  circuit  card. 

Figure  49  is  a  block  diagram  of  the  frequency  to  voltage  converter  incorporated 
in  the  EK15  card  chassis.  These  two  circuits  are  used  to  generate  voltage  signals 
which  may  be  used  for  instrumentation  inputs  to  plotting  boards  or  strip  recorders. 
Figure  50  is  a  photograph  of  the  Cambion  card. 

Figures  43  and  44  are  the  schematic  and  photograph  of  a  similar  frequency  to 
voltage  converter  in  the  EKL4  chassis  used  for  engine  speed  monitoring  and  speed 
signal  for  data  recording. 
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OSCILLATOR  INPUT  SWITCH  4 


of  Position  Control  Circuits 


figure  48  --  Position  Circuit  Card 
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Figure  50  —  Frequency  to  DC  Voltage  Convertor  Card 
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INSTRUMENTATION  AND  CHECKOUT  CIRCUITS 

Three  (3)  instrumentation  strips  are  available  to  provide  variable  data  for  recording 
and  monitoring  equipment.  Figures  51 ,  52  ,  and  53  show  the  variables  available 
at  the  barrier  block  terminals  of  these  strips.  There  are  available  three  points 
for  input  of  variables  on  these  strips.  These  inputs  pass  through  isolation  ampli¬ 
fiers  in  the  interface  and  on  to  the  computer  terminals.  Isolation  amplifiers  for 
the  EK14  instrumentation  strip  are  listed  on  Figure  38. 

Several  checkout  circuits  features  are  incorporated  in  the  interface.  The  AFAPL 
Pace  TR48  computer  will  be  used  for  inter  fee  e  and  IBM  1800  program  checkout. 

The  computer  is  programmed  for  engine  simulation  with  outputs  of  speed,  burner 
pressure,  a  differential  pressure  temperature,  AP/P,  and  power  lever.  Input  to 
the  Pace  computer  is  fuel  valve  position  request. 


The  speed  signal  is  converted  to  a  frequency  by  a  commercial  voltage  to  frequency 
converter.  The  signal  to  this  circuit  is  from  the  EKL5  chassis  through  cable.  The 
frequency  is  input  to  the  program  through  a  MS3102A-10SL-3P  connector  in  parallel 
with  the  normal  speed  pulse  input. 
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Figure  51  —  EK14  Instrumentation  Strip 
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Figure  52  --  Instrumentation  Strip  No.  1 


FREQUENCY  TO  DIGITAL  WORD  CONVERTERS 

The  package  contains  circuits  for  converting  three  frequency  signals  to  digital  words. 
The  converter  in  the  EK14  chassis  was  designed  for  engine  speed  input  to  the  computer 
terminal.  The  two  converters  in  the  EK15  chassis  are  designed  for  more  general 
use.  They  contain  switches  to  select  up  to  511  pulse  counts  before  stopping  the  clock 
count.  The  clock  counts  can  be  divided  down  to  obtain  longer  times  to  fill  the 
register. 

Circuits 

Figure  54  is  a  schematic  and  Figures  55, 56,  and  57  show  the  EK14  printed  circuit 
cards  for  the  speed  sense.  Figure  58  is  a  photograph  of  the  fanning  strips  for 
attachment  to  the  computer  terminal.  This  function  is  set  for  15  pulses  before 
stopping  the  clock  counting  and  transferring  the  clock  counts  to  the  hold  register. 

The  circuit  is  composed  of  MOS  components  of  negative  logic.  Operation  of  ths 
this  sensing  circuit  is  similar  to  operation  of  the  EK15  circuits  described  below. 

The  Cambion  cards  for  the  converters  are  shown  by  Figure  59  and  60.  Schematic 
of  these  cards  are  shown  by  Figures  61  and  62  .  Cables  for  these  two  digital 
words  terminate  in  fanning  strips  as  shown  by  Figure  58. 


Pulse  Count  Circuit  Description 


The  pulse  count  circuit  is  contained  on  two  Cambion  cards  shown  by  Figures  59 
and  60  of  the  pulse  input  is  conditioned  by  a  dual  amplifier  and  the  pulses  are 
counted  by  4£  SN  7473  dual  J-K  flip  flops.  The  number  pulses  to  be  counted  are 
set  by  nine  switches  connected  to  the  Q  and  Q  not  outputs  of  the  flip  flops.  Whm 
the  selected  number  is  reached  logic  stops  the  clock  pulses  which  are  being 
counted  by  a  digital  counter  of  15  bits.  After  the  c1*  ik  count  is  stopped,  the  number 
is  transferred  to  a  hold  register  of  15  bits.  The  output  of  the  hold  register  is 
converted  to  the  IBM  1800  logic  by  dual  inline  amplifiers.  Figures  61  and  62 
are  circuit  block  diagrams  illustrating  connection  of  the  components  and  operation 
of  the  circuits. 


•  Pulse  Conditioner 

The  pulse  conditioner  is  composed  of  one  dual  inline  749 
amplifier  which  contains  two  709  type  amplifiers.  One  amplifier 
is  used  to  obtain  a  rapid  rise  and  high  voltage  for  input  to  the  second 
stage.  The  output  of  the  first  stage  is  filtered  to  minimize  the  effects 
of  the  high  frequency  clock  noise  as  input  to  the  second  stage.  The 
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Digital  Speed  Logic  Circuit  Card 


Figure  56  —  Speed  Counter  and  Hold  Register 
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Figure  57  —  Digital  Speed  Signal  Output  Card 
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Figure  59  —  Pulse  Counter  and  Logie  Card 


Figure  60  —  Clock  Pulse-Count  Circuit  and  Output  Amplifiers 
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output  of  the  second  stage  is  limited  to  positive  pulses  by  a  diode 
and  limited  to  approximately  five  volts  by  the  five  volts  excitation 
voltage.  Design  values  of  the  circuit  components  are  based  on 
5, 000  pulses  per  second  at  very  low  (0. 25)  volts  and  up  to  50, 000 
pulses  per  second  at  up  to  ±40  volts. 

•  Pulse  Counter 

The  pulse  counter  is  composed  of  nine  J-K  flip  flops.  The 
primary  purpose  of  the  counter  is  to  count  electro-magnetic  pulses 
for  one  revolution  of  a  toothed  wheel.  Any  number  of  revolutions 
can  be  counted  to  the  511  pulse  limit  of  the  nine  bit  counter.  In 
order  to  start  and  stop  the  count  on  the  same  tooth,  a  number  equal 
to  the  number  of  teeth  in  the  wheel  or  equal  to  a  multiple  of  the 
number  of  teeth  is  set  by  the  counter  selection  switches.  One  tooth 
space  is  used  for  logic  transfer  and  next  sequence  of  counts  starts 
and  stops  on  the  next  tooth. 

The  following  table  indicates  the  method  of  setting  the 
count  number  Nc. 


SWITCH  NUMBER 

0 

1 

2 

3  4 

5 

6 

7 

8 

Logic 

Q 

Q 

Q 

Q 

Q  Q 

Q  Q  Q  Q 

Q  Q 

Q 

Q 

Q 

Q 

Q 

Q 

Number 

1 

0 

2 

0 

4  0 

8  0  16  0 

32  0 

64 

0 

128 

0 

256 

0 

0  FOR 

0  FOR 

0  FOR 

Q  nc~Qi“Q2  •  •  •  • 

Q  Nc-Qi 

Q  Nc 

•  Wheel  Pulse  Count  Logic 

When  the  set  number  is  reached  all  outputs  of  the  switches 
are  at  logic  "l”.  The  nine  {i>)  inputs  are  fed  into  a  triple  3-input 
Nand  gate.  The  three  (2)  outputs  are  inverted  and  fed  into  half  a  dual 
4-input  Nand  buffer.  The  logic  "0"  thus  obtained  is  fed  to  Nand  logic 
which  stops  pulsing  of  the  clock  pulses  to  the  clock  pulse  counter. 

The  output  of  the  4-input  buffer  is  fed  to  a  VS74121A  one  shot.  The 
logic  ’l"  signal  clears  a  three  bit  counter  and  the  logic  "0"  clears 
the  pulse  counter  and  at  the  same  time  clocks  a  J-K  flip  flop  to  Q 
equal  logic  'l".  The  Q  not  is  then  logic  "0".  This  becomes  the 
computer  sync  signal  and  is  also  fed  to  the  clock  Nand  gate  to 
prevent  counting. 


When  the  wheel  pulse  counter  is  cleared,  the  stop  clock  count 
signal  returns  to  logic  '1 "  but  the  parallel  sync  signal  prevents  clock 
pulse  counting.  Also  the  clear  of  the  3 -bit  counter  returns  to  logic 
"0"  and  the  counter  starts  to  count  at  \  the  clock  frequency.  The  0 
and  2  bits  are  fed  into  one  part  of  a  quadruple -2  input  Nand  gate.  Hie 
output  of  this  gate  is  fed  into  another  part  of  the  gate  along  with  the 
i  frequency  clock  pulses.  Thus  when  these  two  bits  are  logic  '1 " 
the  counting  stops. 

On  the  second  clock  pulse  at  count  two  the  1-bit  is  logic  ’1" 
and  the  0-bit  is  at  locig  "O'*.  The  0-bit  is  inverted  and  along  with 
the  1-bit  is  fed  through  a  part  of  die  quadruple  gate  to  transfer  the 
clock  pulse  count.  On  the  count  of  three  the  transfer  signal  is  off. 

On  the  count  of  four  tne  not  0-bit  and  the  2-bit  are  fed  into  a  part  of 
the  quadruple  Nand  gate  to  clear  the  clock  pulse  counter.  At  die 
count  of  five,  both  the  0-bit  and  the  2-bit  are  logic  '1"  and  the 
counting  is  stopped. 

When  the  not  tooth  or  frequency  pulse  falls,  the  signal  through 
an  inverter  clears  the  sync  flip  flop  to  start  the  clock  pulses  again. 

9  Clock  Pulses 

Clock  pulses  are  generated  by  a  crystal  oscillator  at  2. 247  x 
106  pulses  per  second.  These  pulses  are  applied  to  a  four  bit  counter 
to  divide  the  pu^es  down  by  factors  of  2,  4,  8,  and  16  so  that 
selection  of  the  number  of  pulses  In  the  count  time  can  be  made 
compatible  with  the  clock  pulse  counter.  The  clock  pulses  are 
counted  for  a  time  interval  which  is  proportional  to  the  reciprocal 
of  frequency.  The  number  is  thus  proportional  to  the  reciprocal  of 
frequency  and  the  greater  number  of  counts  occur  at  lower  frequencies. 

Over  flow  of  the  clock  pulse  counter  is  prevented  by  stopping 
the  pulse  input  when  the  four  most  significant  bits  are  logic  '1 ". 

Thus  the  greatest  counter  number  is  30, 710.  If  it  were  desired  to 
obtain  a  count  for  .  040  second  which  would  be  25  cps  or  3  500  rpm 
of  the  toothed  wheel,  the  clock  frequency  would  need  to  be  less  than 
30, 710  x  25  equal  767750  cps.  Since  the  2. 4576  x  106  clock  can  be 
divided  down,  the  pulses  to  the  counter  would  be  selected  from  £  position 
of  tiie  divide  counter.  The  counter  will  fill  in  30710/614, 400  seconds 
or  about  1200  RPM,  Theminimum  speeds  sensed  without  saturation 
is  4800  to  300  RPM  for  clock  frequency  to  1/16  clock  frequency 
respectively.  Clock  pulse  counts  are  proportional  to  the  reciprocal 
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of  speed.  The  number  represented  by  the  counter  is  divided  into 

a  constant  to  obtain  RPM.  A  constant  of  1. 48  x  108  times  the  clock 

frequency  switch  fraction  is  set  in  the  computer  and  divided  by 

the  pulse  count  to  yield  RPM  of  the  toothed  wheel  when  a  full  j 

revolution  is  counted. 

J 

•  Clock  Pulse  Count  Circuit 

The  circuit  is  illustrated  by  Figure  62  clock  pulses  at 
2. 4576  x  106  cps  are  generated  by  a  crystal  oscillator  circuit.  j 

The  clock  pulses  are  fed  into  a  4 -bit  counter  which  divides  the  ; 

frequency  down.  Output  of  the  4 -bit  counter  is  fed  through  a  switch  j 

so  that  the  desired  frequency  can  be  easily  selected.  The  pulses 
along  with  the  overflow  signal  from  half  a  dual  r -input  gate,  the  sync  j 

signal  and  the  stop  count  signal  is  fed  through  half  a  dual  4-input  ' 

Nand  gate.  The  output  of  this  gate  is  fed  into  a  15  bit  counter 
composed  of  four  4-bit  counters. 

The  count  is  stopped  either  by  the  overflow  or  when  the 
desired  number  of  teeth  has  been  counted.  As  explained  previously, 
logic  from  the  tooth  count  circuit  transfers  the  number  in  the  clock 
pulse  counter  to  four  4-bit  latches  and  then  the  counter  is  cleared.  ; 

Output  from  each  latch  is  fed  into  an  amplifier.  The 
amplifiers  are  biased  by  two  volts  on  the  inverting  input  of  ihe 
amplifier.  Thus  for  logic  "1"  the  output  of  the  amplifier  is 
+15  volts  and  for  logic  "0"  the  output  is  -15  volts. 

EK15  Power  Supplies 

Figures  63  and  64  are  views  of  the  EK15  power  supplies.  Each  voltage  is 
obtained  from  a  separate  commercial  voltage  power  supply  as  noted  in  the  figures. 

The  five  voltages  ±5,  ±15  and  the  adjustable  0-34  VDC  are  available  for  external  , 

use  at  both  the  front  and  rear  of  the  chassis.  Each  voltage  is  fused  for  external  ! 

use  as  well  as  fused  for  internal  package  use.  Figure  65  is  a  block  diagram  j 

illustrating  the  power  supply  wiring.  Voltages  of  ±15  VDC  are  used  for  the  j 

isolation  amplifiers  of  the  EK14  chassis.  Four  voltage  levels  of  ±5  and  ±15  j 

VDC  are  utilized  for  the  circuits  of  the  EK15  chassis.  j 
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Figure  63  —  Front  View  of  Power  Supply  Chassis 


Figure  64  —  Rear  View  of  Power  Supply  Chassis 
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